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PREFACE TO THE FOURTH EDITION 


In prepariiif*; the text for the fourth odition the conflieting demands 
jo make the text brief, to retain ev’erything of value alr(‘Mdy in the text, 
jfind to add recent valuable contributions to aterworks knowledge 
presented a problem difficult to solve with satisfaction. The authors’ 
llilemma laj^ in choosing between an en(*yeIopedia and a primer, neither 
pf w^hich would be satisfactory. A solution has b(‘en atternptc'd in the 
emphasis of functional rather than structural procedure aiid practical 
applications rather than theoretical design. The discussion of theories 
available in more tln'oretical textbooks has, in general, been removed, 
tldiese omissions include much of the theoretical devc^lopment of formulas 
in the mathematics of finances, of th(' hydraulics of the flow of w^atcr, of 
j^team and reciprocating })um})ing machinery, of ei(‘ctricity, and of the 
epidemiology of w^ater-borne diseases. In their place appear ai)plica- 
jions of such theories to i)ractice in finances, hydraulics, pumping machin¬ 
ery, electrical e(iuii)ment, and water ])urification. Tlu* aim, in general, 

I ias been to aj)j)ly theories and fundamentals to practice in the water- 
vorks field. Revisions and additions huA'e betai made to emphasize the 
timeliness and utility of th(‘ information presented. 

11 \ HOLT) K. H\hhitt 
Jamls J. Doland 

UUB\N\, Ili.. 

Mutch, 11)49 




PREFACE TO THE FIRST EDITION 


This book is intended primarily as a textbook for use in civil engi¬ 
neering courses as presented in many engineering college curricula. The 
authors have had the opportunity of presenting portions of the manu¬ 
script to their classes at the University of Jllinois. In this presentation 
the need for a comprehensive and up-to-date text has been felt for years. 
The literature of waterworks is rich, and available textbooks covering 
such fundamentals as history, finances, hydraulics, etc., are unsurpassed. 
The use of such books for the teaching of fundamentals, supplemented by 
references to current literature, is laborious to the instru(*tor, time con¬ 
suming for the student, and unsatisfactory to all conc*erned. A textbook 
on waterworks, to be of continued value, must receive frequent revisions 
to keep pace with the rapid changes in practice. In preparing this book 
the authors have tried to combine both fundamenials and practical pro¬ 
cedure in a single volume within the limitations of s])ace and cost custom¬ 
ary in engineering college texts in specialized professional courses. 

Limitations of space have prevented the exhaustive treatment of all 
the subjects mentioned in the book. An exhaustive treatment of the 
subject of almost any chapter of the book would require a volume as 
large as or larger than this entire book. The design of dams is one sub¬ 
ject worthy of greater space than is allotted to it. But few, if any, earlier 
textbooks on waterworks devote space to the subject of electri(;al equip¬ 
ment. Knowledge of the application of electricity to waterworks prac¬ 
tice is not easily acquired by civil engineers. It is felt, therefore, that this 
subject should be presented for their benefit. The chapter on The 
Utilization of Electricity has been presented for students who have com¬ 
pleted a study of the subjecit of electricity and magnetism in college 
physics and who have some acquaintance with the subject of electrical 
engineering. The space devoted to the subject is inadequate, but it has 
been filled with the idea that half a loaf is better than none. The text¬ 
book is not intended as a comprehensive treatise on waterworks or as a 
handbook. Such volumes are of little value as textbooks. In this book 
the student is introduced to the subject, fundamentals are stated, practice 
is explained, and, where desirable, references are made to articles of 
value on the subject. The problems presented in Appendix II should be 
found helpful to the teacher. 
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PREFACE TO THE FIRST EDITION 


The value of a textbook in professional subjects is measured partly 
by its value to the engineer practicing in the same field. No book which 
treats the subject in an exclusively academic manner can be successful 
as a textbook. In this book an attempt has been made to illustrate 
fundamentals with practical applications thereof. Where recognized 
practice is based on empiricism, the procedure is explained and practical 
illustrations are presented. 

An attempt has been made to give credit to all sources from which 
material has been taken. The authors apologize for any omissions of 
this character which may, unknoAvingly, have occurred. Thanks are 
due to the American Water Works Association, to the Engineering News- 
Tiecordj and to others for their permission to quote from their publications. 

The authors are greatly indebted to W. 1). P. Warren and to Alex 
Van Praag, Jr., of the firm of Warren & Van Praag, consulting engineers 
of Decatur, Illinois, for their comprehensive and exhaustive review of the 
manuscript and for their valuable suggestions and contributions. Thanks 
are due to Prof. A. 11, Knight, assistant professor of electrical engineering 
at the University of Illinois, for his review of the chapter on The Utiliza¬ 
tion of Electricity, and to W. N. Espy, associate in mecJianical engineer¬ 
ing at the University of Illinois, for his review of the cJiapters pertaining 
to me(‘hanical engineering. The permission given by Dr. Elwood Mead, 
Commissioner of the United States Bureau of Reclamation, to reproduce 
the information taken from the standards of engineering practice in the 
Bureau is gratefully acknowledged. 

Harold E. Babbitt 
Jambs J. Doland 

Urban A, 111. 

Dtetmberj 1929 
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CHAPTER I 


INTRODUCTION 

1. Historical.^ A knowledge of the history of the development of 
waterworks is desirable to emphasize changes in practice and the relatively 
recent development of present-day waterworks methods and equipment. 
The history of waterworks is as ancient as the history of man. Water¬ 
works structures are found in the excavation of prehistoric ruins. The 
remains of Lake Moeris, in Egypt, indicate its construction about 200() b.(\ 
It was the largest of the reservoirs of the Nile Valley, whicdi supported 
20,000,000 people—four times the present-day population. 

In ancient times the valleys of the Euphrates and Tigiis, now almost a desert, 
were densely populated. Four thousand years ago the lulers of Assyria had con¬ 
verted these sterile plains and valleys into gardens of extreme pr’oductiveness by 
the construction of immense artificial lakes for the (‘ouservation of the flood 
waters of the river, and great disti-ihuting canals for irrigation. One of these 
canals, the Nalirawan Canal, supplied by the Tigiis, was over four hundred miles 
long and fiom two hundivd to four hundred feet broad, with sufficient depth for 
the navigation of vessels of that time. 

In India, tanks, reservoirs and irrigating canals were constructed many 
centuries before the Christian Era and a great i)art of that country was kept in 
the highest state of cultivation. Some of the tanks or’ artificial lakes covered 
many square miles and were often fifty feet or rnorr* in depth. 

Evidences exist in Ne\\ Mc'xico and Arizona tliat in prehistoric times a race, 
now extinct, had extensive irrigation works and cultivated large areas. 

Biblical rofcrerice;s to waterworks are fi'(Hiuent. For example, in 
II King.s 20:20: 

And the rest of the acts of llezekiah, and all his might, and how he made a 
pool, and a conduit, and brought w^ater into the city, are they not written in the 
})Ook of the chi’Oiiicles of the kings of Judalr? 

And the reference to Elisha’s purification of water with a coagulant 
which is stated in II Kings 2: 19-22. 

The water supply for the city of Rome is one of the marvels of ancient 
times. The water was brought from surrounding hills in aqueducts 
totaling about 381 miles in length. The first aqueduct, the Appia, was 

‘ St‘e also Baker, M. N., ‘The Quest for Water," American Water Works 
Association, 1948. 


1 



2 


WATER SUPPLY ENGINEERING 


10 miles long and was built in 312 b.c. The Claudia Aqueduct is illus¬ 
trated in Fig. 1. All these aqueducts were constructed along the hydrau¬ 
lic grade line in order to avoid the necessity for building pressure conduits. 
Iron pipe was unknown at the time. Lead was the only material available 
to carry water under pressure. As lead was not suitable for high pres¬ 
sures, it was necessary to convey water in aqueducts at atmospheric 
pressure. 



Fig. 1.—a Roman aqueduct. Claudia of dimeu'^ion stone, and Novus of brick and con¬ 
crete {Fiom Frontinus and thi Wat<i Supply of Rovie," by Chmcns Htrschel ) 


Much detail concerning the history of the water supply of Rome is 
presented in ‘‘Frontinus and the Water Supply of Rome,” translated by 
Clemens Herschel. Frontinus A\as water commissioner for the city of 
Rome about a.d. 100 under the Emperor Xerva. His lecords are a most 
human document, revealing the intimacies of the lite of the people of 
Rome and relating his difficulties with human nature which was prone to 
err then as it is today. He had considerable difficulty with persons who 
stole water from the aqueducts: 

The cause for this is the fiaud ot the watei-men whom we have detected 
diverting water from the public conduits for piivate use; but a laige number of 
proprietoi*8 of land also, whose fields bolder on the aqueducts, tap the conduits; 
w^hcnce it comes that the public watei courses aie brought to a standstill by 
piivate citizens, yea, foi the w^ater of theji gaidens. 
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The baths constructed by the Romans are among the outstanding 
features of their era. The baths of Bath, England, illustrated in Fig. 2, 
are in an excellent state of presentation. Natural hot water still flows 
through the original pool. It is supposed that these baths were con¬ 
structed during the first century ad., possibly when Front inus was gover¬ 
nor of Britain, probably before his position as water commissioner of 
Rome. 

Evidences of ancient water\vorks that were constructed in the Western 
Hemisphere are to be found in Arizona, New Mexico, Central America, 
and the northern parts of South America. The Cenote, or Great Pool of 



Fig. 2. —Roman bathh at Bath, England. 


Sacrifice, was constructed at Chichen Itzd, Yucatdn, Mexico. No legible 
record has been left by the people who constructed this pool. It is 
possible that much of the work of the prehistoric races in ( Vntral America 
was done during the Cliristian Era, but proof to that effect is not ccuiain. 
The aqueduct of Zempola, in Mexico, was constructed about a.d. 1500. 
It was about 28 miles long and supplied the city of Otumba. 

During the Middle Ages in Europe there was more destruction than 
construction It is probable that the use of polluted water was the cause 
of many of tlie epidemics that sA\ept the continent All was not destruc¬ 
tion, howevei, as some atpieducts w^re constructed in Spain by the Moors 
during the ninth century, and the Roman a(iueduct at Seville was repaired 
in 1172. London and Paris increased the capacit}^ of the public water 
supplies. A small aqueduct was constructed in Paris in 1183, and water 
w^as brought to London from the outlying districts by means of lead pipes 
and masonry conduits in 1235. Cast-iron pipe was laid in France during 
the reign of Louis XIV to supply winter to the fountain at Versailles. 

The modern renaissance in waterworks construction is marked at the 
start of the nineteenth century by the appearance of steam-driven pump¬ 
ing machinery and of cast iron. Previous to the appearance of these 
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features, a general public water supply with a service connection to each 
house was unknown. Wood and lead were the only materials available 
for pipes, and, as then constructed, the pipes w ould withstand but little 
internal pressure. The first steam-driven pumping engine is said to have 
been installed in London in 1787.^ Previous to this, pumps driven by 
the river current had been used. The first steam pumping engine in the 
United States w^as installed in Philadelphia in 1800. Cast-iron pipe w^as 
laid in Philadelphia in 1804 and in London, P^ngland, in 1807. Public 
water supplies in the United States date from 1052 at Boston, about 
1732 at Schaefferstown, Pa., and 1701 at Bethlehem, Pa.’'- 

2. Development of Water Purification. The first steps in water 
purification w^ere probably taken in China and India thousands of years 
ago. For centuries it has been the practice of the Chinese to put alum 
in tubs of water to clarify it. The same thing was done in Egypt:** 

In the ^‘Ousruta Sanghita”—^a collection of medical lore in Sanskrit, prob¬ 
able date 2000 Chap. XIV, verse 15—^jippears this instruction: “It is good 
to keep water in copper vessels, to expose it to sunliglit, and filter through char¬ 
coal.” In the “Neghrund Bhusan^’—a collection of medical maxims from the 
“Ayura Veda,” the earliest Sanskrit work on medicine extant, of about the same 
date in the chapter on water, in the last sloka but two, it is directed to treat 
foul water by boiling and exposing to sunlight and by dii)})ing seven times into 
it a piece of liot coj)per, then to filter and cool in an earthen vessel. 

An early reference to water purification occurs in the Bible, as follows 

19. And the men of the city said unto Elisha, Behold, I pray thee, the situa¬ 
tion of this city is pleasant, as my lord seeth; but the water is naught, and the 
gnmnd barren. 

20. And he said. Bring me a new cruse, and put salt therein. And they 
brought it to him. 

21. And he went forth unto the spring of the waters, and cast the salt in there, 
and said. Thus saith the Lord, I have healed these waters; there shall not be from 
thence any more death or barren land. 

22. So the waters were healed unto this day, according to the saying of ]^]lisha 
which he s])ake. 

There are but few^ records of advance in water purification up to the 
introduction of the slow sand filter or the 'MOnglish system,” which dates 
back to A.D. 1829. The first filter was constructed during this year by 

1 Kirby, H, S., and P. G. Laurson, “AIod(*rn Civil Engineering,’^ p. 191, Yale 
University Press, New Haven, 1932. 

- “Water W'orks l^actice,” p. 3, American Water Works Association, 1925. 

* Watery .\ug. 15, 1905. 

^ II Kings 2: 19-22. 
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James Simpson. In 1839 the London waterworks introduced the first 
filters, and in 1853 English” filters were constructed in Berlin. 

The treatment of water to remove pathogenic organisms had its 
beginnings about the middle of the nineteenth crntury, after Koch had 
made known his spectacular findings. Filtration of water for the London 
metropolitan district was made compulsory in 1855, and al about the 
jsame time the so-called English filters u ere installed elsewhere in England 
and on the Continent. The filters at Altona, Germany, were installed 
about 1852. 

The findings of James B. Kirkwood, who visited England and Ger¬ 
many in 18()()-18r)8 for the city of St. Louis, resulted in a marked advance 
in American practice in water purification. One of the earliest fiiteiv» 
built in the United States was that at Poughkeepsie, N.Y., in 1870 
In 1883 Prof. William Ripley Nichols published the first authoritative 
book on the subject of \\atei* purification, as a result of his J^luropean visit 
in 1878. Early American experiments in water purification and sewage 
treatment were started in 1887 at the Lawrence Experinient Station of 
the Massachusetts State Board of Health. All these experiments, con¬ 
structions, and studies were along the line of slow sand filtiation. 

The first filter plant for a public ^^ater supply in which alum was i^sed 
as a coagulant was constructed at Somerville, N.J., in 1884; in the same 
year Alpheus Hyatt secured a patent for the process. A notable step in 
the advance of scientific knowledge of rapid sand filtration was completed 
wdth the w^ork, in 1895 and 1897, of Charles Ilermany and G. W. Fuller, 
at Louisville, Ky. The principles established there have served as the 
basis for the design of mechanical filters that have since been constructed 
in the United States. 

The first important mechanical filtration plant to be constructed 
along modern lines was at Little Falls, N.J., in 1902.' The increase in 
the number of filtered public water supplies has been rapid since 1901, 
when the Hyatt patent expired, until today the existence of Avater puri¬ 
fication in a city is more common than its absence. In 1925 there were 
about 587 rapid sand filter plants and 47 slow sand filter plants in the 
United States. The rapid sand plants had a total capacity of 4,048 
m.g.d. gal. per day and served 18,010,000 persons. The slow sand filter 
plants had a total capacity of 910 million gallons per day (m.g.d.) and 
served 5,054,000 persons.^ In subscciuent years the number of rapid 
sand filter plants has increased greatly, and the number of slow sand 

'Whipple, G. C., ‘^History of Water l^l^i^lcation,^^ Proc, A.S.C.PJ., Vol. 47, 
p. 654, 1921. 

2 Eddy, H. P., Historical Review of Sanitary Engineering in the United States,’* 
Proc. A.S.C.E., 1927, p. 1587. 



6 


WATER SUPPLY ENGINEERING 


filter plants has decreased. In 1942, WeibeP reported 74,308,000 persons 
in urban districts served by public water supplies. There were 98 slow 
sand filter plants with a total capacity of 482 m.g.d., serving 3,579,200 
persons; and there were 1,535 rapid sand filter plants with a total capacity 
of 2,000 m.g.d., serving 22,921,000 persons. 

3. Importance of Waterworks. Water is the most essential commod¬ 
ity, other than air, for the continuation of life. Without it man quickly 
dies. The existence of the great concentrations of population in our 
present-day cities and the pursuit of the myriads of activities therein 
would be impossi))le without the availability of water. A city with a 
restricted water supply is a city of restricted growth. 

As the population of a community increases, the need for a public 
water supply is felt. Dependence can no longer be placed on private 
wells. The concentration of population makes satisfac^tory well sites 
more difficult to locate, and the (luality of the water becomes more uncer¬ 
tain. Among th(‘ greatest benefits to be secured from a public water 
supply is fire protection. Protection against disastrous conflagrations 
is a potent factor in convincing a community of the iie(‘d for the installa¬ 
tion of the public water supply. A large' perc(*n1age of the cost of water¬ 
works is chargeable to fire protection, as is shown in Table 1. 

Tablk 1.—Proportion of (^ost of Watf.rn\ ohks Charoearlk 'ro Fire Pk()te(’tion 
(Estimated by the National Board of Fire UiidtTwritiTS.) 


Population, 

thousands 

i 

Penjontage of the total ' 
cost of the waterworks 
which is chargeable to fire 
protection 

l^ercentage of the cost of 
the distribution system 
which is chargeable to fire 
protection 

10 

60 

56 

50 

32 

29 

m 

28 

17.5 

?oo 

18 

4 


4. Reliability of Waterworks. Because of the importance of water¬ 
works and the great dependence of the public on an unfailing supply, it 
is necessary to design a waterworks system of un(^uestioned reliability, 
even though considerable expense is necessary to secure such reliability. 
Reliability is secured through the development of an inexhaustible source 
or by supplementing a precarious source with adequate reservoirs; by 
the construction of permanent and substantial structures and equipment; 
and by the duplication of such structures and machinery the breakdown 
' Weibel, S. R., “A Summary of Onsiis Data on Water Treatment Plants in the 
United States,’^ Jour. A.W.W.A., I>eroiiiber, 1942, p. 1831. 
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of a single unit of which might be disastrous to the continuous supply of 
water. 

Some sources of supply and methods of distribution offer greater safety 
and reliability than others. The various types of waterworks are enum¬ 
erated l>elow in the relative order of their respective reliabilities. It is 
to be noted that a supply requiring purification is not so reliable as one 
that is sufficiently pure at its source. Aside from the (piestion of purity, 
the relative order of reliability is 

1. A surface or ground-water supply taken from a never-failing source* from whi<*li 
the water is led to, and is distributed throughout, the city by gravity. 

2. A surface supply reepiiring impounding reservoirs from which the water is led to, 
and is distributed throughout, the city by gravity. 

3. A never-failing surface supply which requires punqiing for distribution. 

4. A surface supply requiring impounding reservoirs from vhich the* v\ater must 
be pumped. 

5. A ground-water supjily \^lli^•h must be pumped. 

The reliability of any one of these types of waterworks can be made 
practically unquestioned or extremely uncertain, depending on the 
design, construction, or maintenance of the works for sectiring or distri¬ 
buting the water. In the third type of waterworks, the construction of 
a large storage reservoir with several day^s capacity, at an elevation 
sufficient to distribute the water by gravity, will materially in(*rease the 
reliability of a waterworks reijuiring pumping eciuipment. 

In rating a public water supply for the purpose of fixing invsuran(*e 
rates, the relialulity of the works is taken into account by the National 
Board of Fire Undenvriters. A gravity supply is pr(*f(*rr(Hl by them over 
one rccpiiring pumping unless there is ade(juate storage* under pressure. 
Under the circumstance ‘‘there is no deticie*ncy charg(*d if, with the two 
largest [pumping] units out of commission, the* remaining pumps, in con¬ 
nection with storage, will furnish the maximum consumption plus fire 
flow for a 10-hr. period.” 

The reliability of a water supply is the most im])ortant consideration 
in its selection, particularly for large cities. Other important factors to 
be considered are qualit}^ of water and economy of construction. An 
impure water may be purihed, and the cost of construction should be as 
low as is consistent with reliability and purity. 

6. Governmental Regulation. Public waterworks enterprises almost 
invariably enjoy a monopoly within the region supplied with water, and 
hence, 'whether publicly or privately owmed, are subject to governmental 
regulation.^ This control is exercised by public utility commissions and 

^Crawford, W. E., and F. G., ^‘Public Utility Regulation,” Harper Brothers, 
New York, 1933; Beck, J. A., **Regulation of Municipal Plants by Utility Commis¬ 
sions,” Jour. A.W.W.A., October, 1935, p. 1323. 
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commerce commissions, whose jurisdiction extends to equipment, capaci¬ 
ties, rates, and financial policies; by water commissions whose rulings 
may afifect the availability of the sources of supply; by health depart¬ 
ments who deal with questions of quantity and quality; and by other 
governmental and quasi-governmental organizations, such as the National 
Board of Fire Underwriters, who exert their influence through the regula¬ 
tion of fire insurance rates based upon the waterworks equipment;. 

6. Legal Rights and Liabilities. The supplying of water is a legally 
recognized governmental activity,’ and as such the waterworks enter¬ 
prise possesses the right of eminent domain-^ in the condemnation of 
private property for public use.^ The right to sell water is not, however, 
a governmental prerogative. Any person may sell water subject only to 
governmental regulation.’ lialancing the extensive riglits and powers 
possessed by a waterworks enterprise are its legal liabilities. A water¬ 
works can be sued successfully for damages resulting fi*om the supplying 
of impure water or from neglect that has injured the consumer through 
the quantity or (luality of the water supplied or through negligence in 
the operation of the enterprise that has caused personal or property 
damage.^ This liability applies alike to publicly and privately owned 
public water supplies.® There is no obligation to serve chemically pure 
water or water adapted to all commercial purposes. 

7. Legal Rights to Sources of Supply. The law and usages governing 
the right to take water from sources of supply are not uniform in the 
various states.^’^ One is impressed Avith the lack of agreement among 
authorities respecting many of the points at issue.*’ The following 
principles govern in different states, and in some states combinations of 

^ U.S. Supmno Court Decision, Jour. A.W.W.A., May, J937, p. 609. 

* Pakkeu, L. T., “Rights of Municipal Water Works to Appr()])riate Private 
Property,” Water Works Eng., June 10, 193(), ]>. 7()5. 

® Parkku, 1j. T., “Legal Aspects of Ouideinnation and Aj)])ropriation,” Water 
Works Eng., Nov. 24, 1937, p. 1675. 

Parker, L. T., “J^aws Regulating Sale of Water,” IPa/fr ITerLs* Eng., July 27, 
1932, p. 901. 

Parker, L. T., “How to Avoid Legal Pitfalls,” WaUr irerA-v Eng., Jan. 5, 1938, 

p. 20. 

" Howard, J H., “Liability for Water-lM)rne Tliseases,” Jour. A.HMr.A., March, 
1945, p. 260. 

^ CoNKiJNO, IT., “Administrative Control of Underground Water, Trans. 
A.S.C.E., Vol. 102, p. 753, 1937. 

® See also “The Appropriation of Water for Beneficial Purposes,” Jour. A.W.W.A., 
July, 1945, p. 601; and “State Water Law in Development of the M'(‘st,” abstracted 
ill Jour. A.W.IV.A., January, 1944, p. 102. 

»See also Parker, L. T., “Municipal Water Supply Rights,” Water Ti'orA’s Eng., 
Sept. 6, 1933, p. 872; and “Water Rights of Riparian Owners,” Water Works Eng., 
July 25, 1934, p. 821. 
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these principles determine the right to water. The general principles 
on which rights are based include: 

1. Priority of Appropriation to Beneficial Use. This is the principle 
that ‘'the first in time shall be the first in right/’ but it is modified in 
that the use must be beneficial and also by the amount of water available 
for various preferred purposes. 

2. Ownership Rights. Ownership rights arc acquired through the 
purchase of land, the rights being specified in the deed thereto. In some 
cases the rights may include the right to take water from within the 
boundaries embrace;! by the deed. This is a very common condition in 
the location of a well. 

3. Right Is Granted hy an Administrative Body. In some' states a just 
allocation of water rights is attempted through an administrative body 
acting under legislative authority. 

4. Special Legislation. The right to acquire water may be secured 
through special legislative action. 

Stevenson and Ryder^ summarize as follows the guiding principles 
that have been developed in the appropriation of interstate waters: (1) 
The doctrine of equitable apportionment controls the divi'-ion and use of 
interstate waters. (2) Priority of appropriation creates no siqieriority 
of right in interstate waters. (3) The highest use of interstate waters is 
for drinking and other domestic purpose's. (4) Injunctive relief will be 
granted only upon proof of present and substantial damages. (5)Diver¬ 
sion will be allowed from one ^\ atershed to anot her. (0) Stat es may select 
source^s of water supply provided no substantial damage is done to sister 
riparian states. (7) Release of compensating water depends on down¬ 
stream conditions and needs. (8) Judicial allowance of diversion affecting 
navigation or navigable cajmeity is coiulitioned on fech'ial approval.“ 

Johnson^ divides underground ^Aater into two classes: (1) water flow'- 
ing in defined and known channels, and (2) water passing through the 
ground below^ the surface, either without a definite channel or in courses 
that are unknown. In the conception of the law, w^aters of the first 
class are to be dealt with as though they w^^re surface streams. The 
fundamental principles on which the laws regulnting the use of these 
waters, of the second class, are based is that such percolating subterran¬ 
ean waters are a part of the land itself and belong absolutely to the pro¬ 
prietor within whose territory they arc. The land belongs to the owner, 

1 Stevenson, \V. b., and C. K. Pyder, “Xcw Water La^\s in the Making,” Civil 
Rng, August, 1931, p. 991. 

* Merkiman, T., ‘‘The Law of Interstate Waters,” Jour. New Engl. WaUT Works 
Assoc , Vol. 45, p. 199, 1931; Winsor, F E., ifmL, p. 267. 

* U.S. Geol. Surveyj Water Supply Paper 122, 1905. 
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whether it be solid rock, porous ground, entirely earthy matter, or part 
soil and part water. The percolating waters within his territory are as 
truly his absolute property as are the rocks, ores, or minerals. Conse¬ 
quently, he may take and use such waters as he pleases, although such 
use may cause damage to his neighbor. 

Conkling^ states as follows four doctrines of the law on which the use 
of underground waters in the Unit(‘d States is based: (1) absolute owner¬ 
ship, or the “doctrine of unreasonable use'’; (2) ownership to the extent 
of reasonable use on the land beneath which the water is found, or the 
“doctrine of reasonable use"; (3) owm^rship coec^ual with that of every 
other owner of land overlying the underground basin, termed the “Cali¬ 
fornia doctrine"; and (4) ownership by the state*. 

The right to take water from any source may be accpiired by proper 
compensation of those enjoying prior rights. This compensation may 
be directly in money or “in kind." Compensation in kind is usually 
made by diverting down the stream an amount of A\ater ecpial to the 
amount that the water-supply project would otherwise take away from 
the previous owner or owiK'rs lower downstream. 

Under any circumstances it may be desirable* for the* e'ngineer to ce)n- 
Hult legal aelvice concerning the rights te) any particular se)urce befe)re its 
use is n^ce)mmende*el as a se)urce for a public water supply. 

8. The Parts of a Waterworks System. A waterworks includes the 
structures, eepiipment, and appurtenances nee*essary fe)r securing, purify¬ 
ing, and elistributing a water supply.* Exactly wdiat is, or is ne)t, to be 
incluele*el in a w'aterw^orks or a w'aterw'e)rks enterprise may sometimes 
reepiire le*gal eletermination in eu'eler te) ce)nfine the activities of the enter¬ 
prise w'ithin its franchise or otlmr legal limitatie)ns.‘^ 

Fe)r purpe)ses of study anel ele*sign, w'aterwoiks may be e*lassified as 
w^orks for the colle'ction of w^ater, W'e)rks for the purificatie)n e)f water, 
w^orks for the pumping of w^ater, and w\)rks for the distributie)n of w ater. 
Tdie persejime'l e)f a comprehensive w'aterw'e)rks organizatie)n inclueles (1) 
an engineering organization fe)r the design e)f structures, machines, and 
other equipment; (2) an operating force for operating the pumping equip¬ 
ment and control devices on the conduits and on the distribution system; 
(3) a force for the maintenance of the distribution system; and (4) an 
office force to care for administrative and financial matters. 

Works for the collection of water include wells; galleries; collecting 
w^orks at springs, lake, and river intakes; impounding reservoirs; aque¬ 
ducts; and long pipe lines. Works for the purification of w^ater are 

^ (^ONKLING, loc. cit. 

2 Sc'o iilso Murdoch, J. H., Jr., *^Tho I^egal Limits of a Water Suppl}^ System/* 
Jour. A.W.W.A.y May, 1943, p. 579. 
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represented by filtration plants, softening equipment, chlorinating equip¬ 
ment, aerators, and similar devices. Pumps and pumping stations and 
their equipment represent vorks for the pumping of water. Works for 
the distribution of vater include the system ot underground pipes, dis¬ 
tributing and equalizing reservf)irs, service connections, and, in some 
cases, meters, ihe design, operation, and maintenance of these works 
is the business of the waterworks engineei and superintendent. 
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I M, 3 —Grouridb and iowci at Compton Hill Basin, St Louis waterworks. {CourUsy of 
John B Dam, WtJtr Commissioner.) 

9. The Business of Supplying Water. A water supply is a public 
ii(M*(\ssity and a public enterprise It is a recognized governmental activ¬ 
ity usually conducted as a self-supporting business. Hence, the design, 
operation, and maintenance of a waterworks should be conducted so that 
expenditures are economically justified. The customers of a waterworks 
aie the w^ater consumeis, and tlu* maintenance of customer good will is 
essential to successful waterworks management and operation. Custo¬ 
mer good wull can be created and maintained through education of the 
public in the problems of the waterworks; by supplying water adequate 
in both quantity and quality; by the proper type of publicity; by a uni¬ 
form billing system; and by the beautification and careful maintenance of 
the buildings, equipment, and grounds belonging to the waterworks. 

10. Appearance of Waterworks Properties. Public good will is 
essential to the ability of a waterworks to attain its principal objective, 
the provision of an adequate and satisfactory water supply. No water- 
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works whose structures are dilapidated, w’hose equipment is uncared for, 
w'hose buildings are of lean-to or outhouse appearance, and whose grounds 
are unkempt can furnish a satisfactory water supply. Pleasing architec¬ 
tural style and well-kept property arouse on the part of the public and the 
water consumers a feeling of confidence and friendship which is measur¬ 
able in financial returns. The value of waterworks beautification has 
been proved by experience. 

The creation of parks and playgrounds is an effective means for win¬ 
ning public favor. Waterworks parks are maintained in many cities 
with the provision of playgrounds for sports, picnicking, boating, fishing, 
and bathing. All can be provided without danger to the quality of the 
water supplied to the consumers provided proper precautions are taken 
to prevent the passage of contamination through the water-purification 
plant. 

11. Public Relations.^ The maintenance of public good will is essen¬ 
tial to the continued successful and profitable operation of a public water¬ 
works. If public ill will is earned by a privately owned waterworks, 
revenge may be obtained by the public through restrictive legislation, 
increased taxation, loss of franchise, or some other method. If the watei- 
works is publicly owned, the control by the piil^lic is more direct. It may 
be manifested by a change in the city administration or by a change in 
the supervisory officials of the waterworks. The American Water Works 
Association published, in 1947, a Check List of Pu})lic Relations Activi¬ 
ties valuabki in planning and maintaining good public ndations. IMeth- 
ods of maintaining public good will represent a special field in waterworks 
management. 

12. Waterworks Management and the Engineer. Among those 
problems of waterworks management which affect the design, operation, 
and maintenance of the enterprise may be included: customer relations; 
policies in the preparation for emergencies; financial policies and pro¬ 
cedures; governmental regulation; legal rights and liabilities; methods of 
measuring water for sale, particularly the use of meters; and the provision 
of safety measures. Among those important waterworks activities which 
do not materially affect the engineer may be included methods of account¬ 
ing and billing; meter reading and its administration; and certain legal 
responsibilities and obligations such as liability for damages for shutting 
off the water or for injuries committed on a citizen by a waterworks 
employee. 

Public good will is promoted by the engineer through consideration 
of esthetics in the design; the provision of an adequate, reliable, and 

'Sec* also Syinposiiim, "‘Aspects of Public Pelations,” Jour, A.W.W.A,^ Januarj^ 
1947, p. 41. 
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potable supply; and the construction, operation, and maintenance of the 
works with the least public inconvenience. 

Emergencies that may be encountered in the operation of a water¬ 
works include fire, flood, tornado, earthquake, labor troubles, cold 
weather, and drought.^ Policies to be followed in the preparation for 
emergencies are determined by the management, but they must all l>e 
considered and allowed for by the engineer in design and operation. 

13. Starting a Waterworks. Waterworks may be either publicly or 
privately owned. Private ownership of waterworks is more common in 
small than in large communities because of the greater ease of raising the 
necessary finances through private initiative. The origin of a publicly 
owned waterworks in a community is usually a result of the a(*tivities 
of an influential and interested citizen or group which focus attention on 
the need therefor. The design of a complete waterworks (>ii a large scale 
is unusual. The principal work of the waterworks engineci is the design 
of improvements and extensions to existing systems. Complete works 
may be designed for small communities installing works for the first time. 
Under such circumstances an investigation of the ])()ssibilities for securing 
w'ater; purifying it, if necessary; and distributing it, all at a reasonable 
cost, should be made by a competent engineer 'whose report may be used 
as a basis of publicity aimed at w'inning the support of the citizens, or 
other responsible body, wdien the matter is up for consideration and deci¬ 
sion. The engineer's report should include a thorough study of all 
possible sources of supply and of methods of treatment, pumping, and 
distribution, together witli an estimate of the cost of (‘ach project. The 
report should be WTitten in an attractive manner in language easily com¬ 
prehensible to laymen. An outline of a report is given in Appendix 1. 

The wwk of the engineer in connection with a A\at(‘rworks system can 
be divided into four periods: development, design, construction, and 
operation. Ilis traditional duties are confined to design and construct ion, 
but he is nonetheless necessary to the complete success of any project in 
the development and operation ])eriods. The duties of the engineer dur¬ 
ing the period of development are to gather all the data nc*cessary for his 
report, to write and present the report, and possibly to make public* 
addresses and to explain to laymen the salient features of the plan or 
plans presented for consideration. 

^ See also Vanoe, L. S., “Emergencies May Come Wh(‘n J..east Expected,” Water 
Works Eng.^ May 26, 1937, p. 699; “Notification during an lOmergency,” Water 
Works Eng.j Aug. 18, 1937, p. 1170, (Crenshaw, J. C., “The 1937 Flood at Hunting- 
ton, W. Va Jour. A.W.W.A , Vol 29, p. 1230, 1937; and Symposium, “Organi¬ 
zation and Preparation of Water Works to Meet Major Catastrophes, “ Jour. 
A.W.W.A., Vol. 29, pp. 1737ff., 1937. 
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FINANCES 

14. Financial Principles. The principles involved in the financing of 
a waterworks enterprise are identical with those applicable to any other 
business enterprise. A waterworks is a business enterprise. Money 
must be raised to finance it. This money may be called the capital to 
be invested. It is the first item in the total capitalized cost, which can 
be separated into three items, (1) the first cost; (2) the operating cost, 
which must be large enough so that the simple interest on it will equal 
the periodic operational charges; and (3) the depreciation fund. The 
amount of the capitalized cost should be sufficient to purchase, operate, 
and renew the plant forever. It can be formulated as 


CC = C + + C ,, , Av—I 

r (1 + r)” — 1 


( 1 ) 


where CC = capitalized cost 

C = first cost or invested capital 
0 == periodic (usually annual) operating cost 
r = periodic (usually annual) rate of interest that can be earned 
on invested capital 

n = life of the enterprise in interest periods (usually years) 

In financing an enterprise the first cost represents the invested 
capital. The income or earnings of the enterprise must be equal to the 
product of the capitalized cost and the rat(^ of interest on invested capital. 
Where a different rat(‘ of return is allowed on invested capital this income 
may be modified. The product of the capitalized cost and th(» rate of 
interest are called the annual expense. A comparison of the capitalized 
costs, or th(» annual (expenses, of two or mon* enterprises capable of per¬ 
forming the same thing will reveal the most ('conomocial of the available 
choices. 

In financing a plant, or enterprise, estimates of cost and of depreciation 
are based on experience, knowledge of market (jonditions, and published 
information. Costs fluctuate so greatly that printed information on 
prices and rates (piickly Ix'come obsolete.* Depreciati<m rates are less 
changeable so that published information on them is of greater practical 
value.In financing an enterprise intended to be either self-supporting 
or profitable, it is helpful to consider that an assumed rate of interest must 

' Hcrdk’k, C. B., ‘‘A Koview of the C^st of WatcTworks Struetures,” Jour. 
d.ir.ir.A., August, 1044, p. 821. 

* Howson, L. H., ‘‘Dollars and Sense of Depreciation,” Joor. d.llMr.d., Vugust, 
1044, p. 803: and Veatc^ii, T., “Municipal Depreciation Accounting Practices,” 
Jour. i4.BMP..4 , August, 1044, p. 811. 
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be earned on the capitalized cost. The rates to be charged for the services 
rendered by the enterprise must be sufficient to return a sum equal to the 
product of the capitalized cost and the assumed rate of interest. 

15. Methods of Raising Money. IMonej" may be raised, or borrowed, 
to finance a business enterprise, such as a waterworks, by (1) direct 
taxation, (2) special assessment, (3) the sale of general-obligation tax 
bonds, (4) tlie sale of revenue l)onds, (5) governmental grant or loan, 
(0) the sale of bonds secured by mortgagees, and (7) the sale of stock in 
the enterprise. In general, all but the last two methods are used for the 
finan(*ing of publicly owned waterworks. The last two are used in the 
financing of private enterprises. Most of the waterworks of the country 
are publicly owned, but vlietlier publicly or privately OA\ned, the financial 
record of waterworks enterprises is so enviable that waterworks securities 
are usually attractive to investors and enjoy relatively low rates of 
interest charges. In gen(a*al, waterworks obligations secured by water¬ 
works revenues are moie attractive than obligations secured by the powder 
to tax because experi(*nce lias shown that it is easier to collect from reve¬ 
nues tban from taxes. Publicly ow ned w aterworks are commonly limited 
by state law in matters of raising money w'hen the obligation is secured 
))y tlie taxing power. 

The w'aterworks of the larger cities are universally ow'iied by the public. 
The business of selling water is usually so profitable that th(u*e is an 
irresistible temptation on the part of some city officials to use w'aterworks 
funds for other municipal jiurposes rather than to apply them to the 
reduction of wat(*r rates. 

Whenever financial obligations are undertaken that must be retinxl 
at some future date, many state laws, together with good business 
principles, reejuire the obligations to be retired within a reasonable time, 
certainly within the life of the physical parts of the enterprise, and usually 
in not more than 20 years. This financial ])olicy affects the period into 
the future for which structures and eejuipment should ho d(‘signed in 
order that the pn\sent generation may not be too greatly burdened for 
the benefit of future generations. Publicly owned waterworks are usu¬ 
ally limited by state laws in matters of raising money for new works and 
extensions and rehabilitations of existing w^n-ks. The laws vary in 
different states. 

16. Direct Taxation. Some states permit a direct tax levy to provide 
funds for public benefit. Such benefit must be shared by the property 
owmers as a hole. Tlie amount of such taxation is usually limited by 
constitutional, statute, or charter provisions. It is seldom used as a 
means for w aterw’orks financing, because the required amount is rarely 
available under the limitations. 
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17. Special Assessments. A special assessment is a direct tax levy 
assessed against property to pay for improvements that ordinarily are 
required to be a direct benefit to the property itself, and in some cases 
the improvements must be contiguous with the property. Special 
assessment bonds, subject to statutory limitations, may be issued to 
provide immediate funds needed for construction purposes. They are 
secured by the power of the municipality to make and lo collect the 
assessment. Limitations imposed by statute freciuently prevent the use 
of special assessments for waterworks. The special assessment is rarely 
used in connect ion with waterworks financing, and the trend is toward its 
disuse for other municipal purposes. 

18. Bonds. The sale of bonds is the most common method of 
financing waterworks construction. Waterworks bonds, classified as to 
security, are, in general, of two types: (1) general bonds, secured by the 
power of the governmental agency to tax or by the real properly of the 
community; and (2) special lien Iwnds, payable out of the revenues 
deriv(‘d from a utility, sometimes called revenue bonds. The physical 
properties of the utility s(u*v(‘ as security for the bonds. Revenue bonds 
are, however, sometimes issued without hypothecation of the physical 
properties of the utility and are not a financial ot)ligati()n of the issu¬ 
ing municipality.^ Such bonds, despite tlufir apparent lack of sound 
security, have proved to be financially attractive where the income of the 
utility is adecpiate to retire the bonds. 

Special lien bonds may also ]>e secured by direct mortgage on the 
physical propcuty of the utility, in Avhich case provision is usually made 
for the operation of the utility by the bondholders in case of default. 
In cas(‘ of default a receiver may be appointed who is empowered to adjust 
rates, if nec(\ssary and if permitted by the utility commission, in order to 
protect the inv(’stors’ interest. The value of the security behind general 
bonds may be many times the value of the loan. Special lien bonds are 
usually 100 per c(‘nt mortgages having no margin of security value. This 
fact may affect this tyi)e of bond unfavorably in the matter of interest 
rates. 

Bonds may also be classified as long-term bonds, vhich provide for 
payment of the entire indebtedness at maturity, or serial bonds, which 
provide for periodic payments of portions of tlie indebtedness until the 
whole is discharged. Provision for the retiremcuit of long-term bonds is 
usually mad(' by the establishment of a sinking fund. The issuance of 
serial bonds avoids the hazards of long-term sinking funds, because the 

* S<M* also JouT. A.W W.A.y Vol. 27, p. 1343, 1935; and Robinson, S. B , ‘^Financ- 
ing through^levcruu* Bonds,” Natl. Inst, of Municipal Law Officers Report, 1944. 
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bonds themselves are retired with payments that would be invested in the 
sinking fund. Each type, however, has its advantages and disadvantages. 

Limitations as to the amount of bonded indebtedness, rate of interest, 
and life of bonds are usually regulated by statutorj^ or constitutional pro¬ 
visions; indebtedness imposed by statute in some states is 2*2 por cent 
of the value of the taxable property; the interest rate must not be more 
than 6 per cent; and the greatest length of time that bonds may run is 
20 years. In some of the New England states the security is the land 
itself, rather than the power of taxation. Legal requirements usually 
provide for the method of advertising and disposing of the issue, the sell¬ 
ing price, and provisions for retirement. Refunding is not generally 
permitted. 

There has been a recent tendency to exempt public utility debts from 
provisions limiting the total bonded indebtedness of a municipality. 
New York’s constitution permits such exemptions, providen! I he improve¬ 
ment returns a net revenue after making a deduction for amortization. 

19. Governmental Grants and Loans. The establishment of the 
Reconstruction Finance Corporation (R.F.C.) by the United States 
government in 1932, follcmed by the Public Works Administration 
(P.W.A.) in 1933, had far-reaching effects on the financing of publicly 
owned waterA\orks systems. These tA\o bureaus providc^d money avail¬ 
able to municipal borrowers who wished to construct public W'orks. A 
self-liquidating feature of the loans required that, in order to be eligible 
for federal financing, the project must be ^^self-supporling and financially 
solvent and indicate tliat it could eai-n the interest and repay th(‘ principal 
within a reasonable time b}" means other than taxation.” Since water¬ 
works systems are usually revenue-providing agencies of municipal 
government, they an^ eligible to take advantage of such available^ funds. 

The National Industrial Recovery Act (N.I.R.A.) passed by (’ongress 
on June 13, 1933, created a Federal Emergency Agcmcy of Public Works, 
commonly referred to as the P.W.A. This act empowered the President 
of the United States through the administration to make grants not 
exceeding 30 per cent (later increased to 45 per cent) of the cost of labor 
and materials employed in the construction of the project and to finance 
the remainder of the cost by reasonably secured loans. Other benefits 
accrued to w^aterworks systems through legislation establishing the C’ivil 
Works Administration (C’.W.A.) and Works Progress Administration 
(W.P.A.), neither of which is now^ functioning. 

20. Water Districts, Sanitary Districts, and Miscellaneous. Some 
states permit the organization of quasi-municipal corporations for the 
purpose of providing needed construction or improvement of w^aterworks, 
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sewerage systems, etc. These are particularly applicable in cases where 
two or more neighboring municipalities find it advantageous to operate 
under a single system. Such a plan often permits the issuance of bonds, 
to the full legal limit, based on assessed valuation, without regard to any 
existing bonded del>t or overlapping municipal corporations. 

The situation often arises in which a municipality finds itself unable 
to finance, by any legal means provided for the contracting of a public 
debt, either a new installation or needed improvements or extensions to 
an existing waterworks. The following methods have been used success¬ 
fully under such circumstances: 

1. A holding company is formed which is capitalized for an amount 
sufficient to cover the entire cost of the needed installation or improve¬ 
ment. The stock of the company is purchased by private individuals, 
banks, and commercial establishments interested in the civic welfare. 
The net earnings from the sale of water are used to purchase the stock 
gradually and to pay a fair interest on the remaining outstanding stock. 
Thus, the municipality eventually becomes the sole owner of the holding 
company. 

2. Certain private corporations will agree to finance a waterworks 
installation or improvement under what is known as a ‘Tease form” of 
contract. In oth(*r w^ords, the corporation agre(*s to build the nec(\ssary 
w'orks and to lense them to the city. The latter agrees to make periodic 
payments ot an amount such that at the end of a term of years the cost, 
profit, and interest charges will be returned to the financing corporation, 
and the city becomes the owner of the plant. 

21. Financing Extensions.^ Established w aterworks may be expected 
to extend their services, either by supplying w^ater to suburbs owning 
their own distribution systems, or by extending the pipes of the distrilm- 
tion syst(*m into newly d('veloped territory. The amount to bo charged 
for the supplying of w^ater is a matter of operational costs and usually 
does not involve new’ capital charges directly. The extension of mains, 
however, does represent a capital charge, and the costs must be met as 
other capital charges are met. The extension should not be undertaken 
unless there is assurance that the income therefrom will pay the interest 
on the capital charges of the extension. It must not be overlooked that 
extensions of water service involve an increase of the load on the entire 
enterprise. Sooner or later a relatively large capital investment must be 
made to meet the increased water demand. Each new extension must 
bear its share of this capital charge. Jackson states- that for every dollar 

^ S('o also Jackson, L. A., “Survey of Main Extension Policies,” Jour. A.W W.A., 
August, 1941, p 1357, with references. 

2 Ibid , p. 1360. 
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invested in distribution mains $0.40 to $2.57 may be invested in other 
facilities, the average falling a little below $2. 

Sources of revenue for extensions are, of course, the same as for other 
enterprises. In addition, since the waterworks is now a going concern, 
current income may be used for financing, or money may be raised through 
charges made to those about to be benefitted by the extension. Bases 
for these charges include (1) population served, (2) acreage served, (3) 
length of frontage benefitted, (4) number of services or meters installed, 
and (5) prospective use or sale of water. In some cities, where the 
number of customers, or potential customers, along the extended lines 
gives assuranc.' of adequate Axater sales, the cost of the extension is paid 
for from current income, or other source, and no initial charge is made to 
the consumer. In other cities, the initial payment advanced by beni- 
ficiaries is refunded when the sale of water exceeds a predetermined 
amount sufficient to pay for the extension. 

22. Free Water. In many cities the waterworks rec('ives no income 
for water supplies for public purposes such as fire fighting, schools, or 
the city building. The custom of supplying ^‘free^’ wat(‘r for public use 
is misleading because the the burden is placed on tlie water (onsumer who 
must cany it in the place of the taxpayer. It would st‘em more just to 
place the burden on those who enjoy its benefits. 

23. Fire-hydrant Service. Most publicly owned waterworks are 
not paid directly for fire-hydrant service oi for the wat(»r us(‘d by the fire 
department. Rates for other services supplied to consunuu’s must be 
raised to pay for fire protection. However, in vsome ])ublicly owned 
waterworks, and in most i)rivately owmed waterworks, a diic'ct annual 
charge is made for each fire hydrant on the distribution system, and fn^- 
quently the number of fin? hydrants per mile of distribution-system piping 
is specified. 

24. Water Rates.^ The rates to be charged for w^ater sold to a con¬ 
sumer arc based on a variety of considcirations, such as the cost of the 
w^ater determined by a valuation of the capital value of the plant and the 
cost, of operation, the value of the fire protection supplied, and the depre¬ 
ciation of the watemorks.^ Other factors that may ])c considered include 
(1) the rate at wdiich w^ater is consumed, (2) the pressure reciuired to supf)Iy 
the demand, (3) the distan(*e of the consumer from the pumping station, 
(4) the cost of water purification, (5) the pc^rcentage of leakage and 'Host” 
water, and ((>) the reserve capacity required. That condition on which 

1 See also Learnicd, A. P., “Equitable Schedules of Water Rates,” Jour.A.W.W.A., 
July, 1947, p. 606. 

2 See also XirnoLb, M. C., “Factors in Making Rates,” Jour. A.W.W.A.^ March, 
1936, p. 379; and Veatch, N. T., Jr., “Water Works Rate Making,” Jour. A.W.W.A., 
March, 1933, p 343. 
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almost all water bills are based is the amount of water consumed, however 
inaccurate the measurement of that amount may be. 

Methods in use for estimating the quantity of water consumed for 
the purpose of fixing the charge paid by the consumer are gaged by the 
number of fixtures, faucets, or consumers on the service; the number of 
rooms in the house; the floor area of the building; and meters. Since 
the quantity of water supplied should be directly proportional to the 
cost of its production, the correct measurement of this ({uantity by means 
of an accurate meter is logically the most eciuitablc method of establish¬ 
ing the charge to be paid by the consumer.' 

rIho Schwada, J. P., and K. F. Tan(JHE, “Soino Factors Filtering into the 
Detcrniination of Water Rates,” Jour. A.WAV.A.y December, 1943, p. 1528. 



CHAPTER II 

HYDRAULICS 


25. Problems Involved. Hydraulics may be considered to be a 
general study of the principles that control the behavior of licjuids, par¬ 
ticularly water, when at rest or in motion. The design, maintenance, 
and operation of waterworks involve problems in the colle(*tion, pumping, 
storage, distribution, and purification of v ater that recjuin* a broad knov 1- 
edge of hydraulics. Fundamentals of hydraulics applicable to the solu¬ 
tion of problems commonly met in waterworks practice* are discussed in 
this chapter. Other princii)les, applicable to spenaal problems, are dis¬ 
cussed in other chapters. For a complete discussion of hydraulic princi¬ 
ples; textbooks on hydraulics should be consulted. 

Hydrostatics, a branch of hydraulics, involv(‘s probl(*ms of water at 
rest. Such problems include intensity of pressiirt*, total pressure, and 
center of pressure. Hydrodynamics deals with vater in motion and 
includes problems in the flow of water in pipes, conduits, and distril)ution 
systems; pumps; water hammer; and oth(*rs. 

26. Intensity of Pressure. The intensity of i)ressure ex(*rted on a 
surface submerged in water can be expressed as 

p = wh (1) 


where p = intensity of the pressure 
w — unit weight of water 

h = distance from the water surface to the area on which th(* pres¬ 
sure is exerted 

The expression is correct under all conditions (‘xcept w'h(*re there is a 
component of velocit.y normal to the submerg(*d surface. 

Since the weight of water is approximately (>2.5 lb. per cu. ft., the 
intensity of pressure, in pounds per s(]uare inch (p.s.i.), at the foot of a 
column of water 100 ft. high can be computed as 


, 02.5 X 100 

p = wh = - - 


48.4 p.s.i. 


The height of a column of water above a point where the pressure is 
100 p.s.i., can be computed as 


, _ p _ 100 X 144 
^ w 62.5 




231 ft. 
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27. Total Pressure on Plane Surface. The total pressure normal to 
a submerged plane surface can be expressed as 

P = whA (2) 

where P = total pressure 

w = unit weight of water 

h = distance from the water surface to the centroid of the sub¬ 
merged surface 

A = area of tlie submerg(»d surface 

The dir(»ction of action of the resultant of the total pressure is normal to 
the plane of surface, at id its point of application is at the center of 
pressure. 

28. Components of Total Pressure on a Curved Surface. The direc¬ 
tion of action of pressure against a surface is normal to tlie surface. 
Hence, the summation of the pre\ssun‘s in various directions, repivsenting 
the total pressure, is of little more than academic interest. The magni¬ 
tude of the resultant of all the components of the total j)ressure in any 
direction is, however, of practical interest. It can be expressed as 

P = iwJI cos a dA (3) 


where P = total pressure 

I! = d(»pth of subm(‘rgenc(* of a dilTerential area of tlie submerged 
surface 

OL = angle betwe(‘n a line* parall(‘l to fh(‘ din'clion of P and a line 
normal to dA 
A = ar(*a 

Hoth II and « are variables, and unless th(‘ relation betwecui tlnun is 
known th(‘ expression cannot be integrated. Where II or a is constant, 
the expression becomes 

P ~ wll\ cos a dA or w cos a J/? dA — wHA' 

where .1' is th(‘ area of projection of the cur^'ed surface in a direction 
parallel to the resultant P on to a plane surface' normal to this direction, 
II is approximately constant where the de'pth of submerge’iice is great, 
and a is constant where the submerged surface is a plane. Where A' is 
a vertical plane 

jll cos a dA = /// dA' = HA' and P = wHA' 

Hence, the pressure in a horizontal direction against any surface is equal 
to the horizontal pressure against the horizontal projection of that sur¬ 
face against a vertical plane. 
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29. Center of Pressure. In Fig. 4 the distance to tlie center of pres¬ 
sure of the submerged plane surface can be expressed as 

Z. = (4) 

where Zs = distance, measured in the plane of the submerged surface^, 
from water surface to center of pressure 
h = moment of inertia of submerged surface around the axis 
formed by intersection of submerged surface with water 
surface 

= gravity moment of submerged surface around the same axis 
The distance yi of the center of pressure* of a plane surface* fre)m anj’^ 
axis lying in the plane of the submerge'd surface and perpendicular to the* 



iou. 4.—Diagram showing the loeatioii of the center of pressure of a submerged surface. 


td)ove-de*scribed axis is 


y = 


\zydA 

jzdA 


(•">) 


where y = horizontal distance from axis to differential {ire*a dA = dz dy 
z = elistance from the axis in surface of liejuid to difTere*ntial are*a 
dA 


\Miere the submerged surface is nonplanar, the distaneie to tlu* c<‘ntor of 
pressure can be expressed as 


h = 


l^dA 

jh dA 


((>) 


and the distance y is as shown in expression (5). An integrable relation 
between H and A must exist to permit the solution of the problem. 
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Approximate solutions may be reached by assuming the curved surface to 
be composed of a series of plane surfaces. 

30. Flow through Orifices and Nozzles. Knowledge of the rate of 
floAv through an orifice may be applied to the determination of the rate 
of discharge through a valve, the rate of lowering of water in a storage 
tank,* or the measurement of the rate of flow in a pump or in a well test. 

Coeffi'cien+s of Discharge 
g ^ Opening Coef. Remoirks 

a 0.60-0.65 Standard 

b 0.98 ± 

c 0.82i 

d 0.60-0.65 

e 0.53i 

f 0.870 Coef.depenols on head, 

to shape of orifice and 
g 0.994 f/crre of tube 

h 0.785-2.35 Ditto 

I 0.599-0.802 

Fifj. 5. —(V)e/ricionts of disrhurKe for orifices and short tu}>e’5. All are circular in cross 
section and discharge into the atmosphere except as noted (See also Univ. Ill Expt Sta 
Bulls, 90 and 100. Eng. News, Vol. 70, pp 520 and S20, Eng. Ntwb-Heco?(I, Vol. SO, p. 24.) 

Tlu* rate of flow through an orifice or nozzle can be expressed as 



Q = CiAC, \/2gh = AV4 \/2yh (7) 

wlierc Q = rate of flow through orifice 

Cl = coefficient of area of reduction 
Co = coefFicient of velocity 
K() = coefficient of discharge 
<1 — acceleration due to gravity 

h = head on tlu* center of orifice, or centroid of orifice opening 
A = area of orifice 

Coefficients for various orifices and nozzles, set far enougli from the 
walls of the tank or container to avoid interference therefrom, are shown 
in Fig. 5. Values of Ko for orifices have been found to vary from 0.58 
to 0.71. Values of Kq for smooth conical nozzles vary between 0.95 and 
0.99. 

Wfiere a large orifice is discharging under a low head, i.e., when the 
height of the opening is large compared with the depth of w’ater over it, 
modification of the formula is necessary. For a rectangular orifice, the 
fonnula becomes 


Q = 


(8) 




HYDRAULICS 


25 


where Q = rate of discharge through orifice 
L = width of orifice 
H\ == head on bottom of orifice 
7/2 = head on top of orifice 

m = a coefficient that depends on the shape and condition )f 
installation of orifice 

The order of magnitude of m and some conditions affecting it were illus¬ 
trated in a test on the crest gates of the Wilson Dam.^ The spillway has 
58 gates with clear openings of 58 ft. each. With one gate open to differ¬ 
ent heights, and adjacent gates closed, it was found that the value of m 
varied between 3.23 for small openings to 3.83 for full opening. Different 
openings for one gate, with adjacent gates fully open, gave values of m 
from 3.33 for small heads to 4.17 for full opening. 

31. Discharge under Falling Head. Problems involving the time 
required to lower the elevation of the water surface in a re^('rvoir or tank 
by opening a submerged gate or the distance the water surface will fall in 
a given time under similar conditions are illustrative of the principle of 
discharge under falling head. The relation between time and distance 
of fall can be expressed as 

_ 4 _ dh 
ca V2(1 Jk 

where t = time 

A = surface area of reservoir or tank 
c = coefficient of discliarge of orifice or gate 
a = area of orifice or gate 
hi = head on orifice at start of time t 
/12 = head on orifice at end of time t 
h = head on orifice at any time 
If .1 is a function of hj as sometimes happcms, then 


1 P'' 

Jh.' 


32. Discharge over Measuring Weirs. A measuring weir is dis¬ 
tinguished from a weir in that the former is a device for measuring the 
rate of flow of water, formed by a notch or crest in the top edge of a 
vertical plate or diaphragm over which the water to be measured falls, 
and the latter is a dam across a stream used for diverting or measuring 
the rate of flow. Measuring weirs may be ‘‘standard,^’ broad crested, 
sharp, curved, or flat; suppressed or contracted; rectangular; V-notch; 
trapezoidal; semicircular; free falling; or submerged. 

1 Pt Ls, L. G., ^‘Spillway Discharge Capacity, Wilson Dam,” Tram. A.S.C.K., 
Vol. 95, p. 316, 1931. 
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A standard weir consists of a sharp horizontal edge of a flat plate 
over which water flows in such a manner that there is air beneath the 
nappe of the water falling over the weir. The rate of flow over such a 
weir, without end contractions, is 

Q = clh^ = (11) 

where c = a coefficient, usually 3.33 for a standard crest 
I = length of weir crest, ft. 
h = head on weir, ft. 

Q == rate of discharge, c.f.s. 

A weir of this type, without end contractions, is known as a suppressed 
weir. The formula is subject to modifications, depending on contrac¬ 
tions, aeration, velocity of approach, shape of crest, submergence, and 
possibly other factors. 

Where there are end contractions the formula for a standard weir 
becomes 

Q = 3.33 (z - h'i (12) 

where n = number of contractions, either 1 or 2 

With a velocity of approach, the flow over a suppressed weir is 

where V = velocity of approach, f.p.s. 

With a velocity of approach, the flo\\ over a contracted weir is 

The discharge Qs over a submerged an eir may be taken as a function of the 
discharge over a fre(»-discharge an eir Qf. Using the formula Qg — KQj, 
values of K determincnl through model tests by the II.S. Deep WaterAvays 
(V)mmission^ are given in Table 2. 

Table 2.—CoEFFiriEN'Jh ior Submerged Weirs 


Hd/H* 



Hd/II 


K 

0 


~ 1 } 

1 000 

0 5 


' 0 937 

0 1 


0 991 

0 6 


0 907 

0 2 


0 983 1 

0 7 


1 0 856 

0 3 


0 972 [ 

0 8 


1 0 778 

0 4 


0 956 

0 9 


1 0 620 


♦ f/ *« uiwtreara hoad on wpir, Hd ^ downstream head on w^eir. 

' U.S, Geol. Surveyy Water Supply and Irrigation Paper 200, 1907. 
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For a triangular-notch weir 

Q = C tan ( 15 ) 

where a = angle of sides of notch with the vertical 

h = depth of water from bottom of notch to the surface in the 
approach channel 
C = a coefficient 
a = 45° 

Q = 

Tests^ indicate that measurements with heads below 0.3 ft. on triangular- 
notch weirs are not dependable. 



h ( Head on Crest) _ 

Heoid Roiifo (Head Used for Design of 5hape ) 

1, C for free-flow straight ogee crest. 

2, C for drum gate crests. 

3, C for tliree or more openings of controlled ogee crest. 

4, C for one onening of several controlled ogee crests. 

5, C for ring>snape(l or shaft spillway crest. 

6, C for open-channel spillway no crest (control sectioTi). 

When submerged apply co<‘fficients in Table 2, p. 26. Effect of etui contractions iticluded in C or 
assumed negligible. 

Fig. 6.—Approximate values of C for spillway crests. {Courtesy of Bureau of Reclamation,) 

33. Broad-crested Weirs. Where the shape of the weir is not sharp- 
edged, and contractions and velocity of approach can be neglected, a 
condition that exists over the spillways of many dams, then the flow over 
the spillway can be expressed as 

Q = Clh^ (1(5) 

^ See also Blairdkll, F. W., “Discharge of V-noteh Weirs at Ix)w Heads," Civil 
Rng.j August, 1939, p. 495. 
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Values of the coefficient C are affected by the shape of the crest and the 
magnitude of h. Some values of C are given in Fig. 6. 

A broad-crested weir is defined as ^*an overflow structure on which 
the nappe is supported for an appreciable length; a weir with a significant 
dimension in the direction of the stream/’^ The formula Q = Clh^^ is 
often used to determine the discharge of a broad-crested weir. The value 
of the coefficient C varies, with the head and shape, from 2.5 to 3.1.'* 
The subject is too broad to be adequately covered in the space available 
without danger of creating erroneous impressions. The reader is there¬ 
fore advised to consult standard textbooks 
and references for information. 

34. Ogee Spillway Crests. Masonry 
crests are now usually designed to fit, 
nearly, the lower nappe which would be 
formed by a jet flowing over a sharp- 
crested w eir at a head corresponding to 
the design head for the spillway. This 
practice tends to cause the pressure at the crest to approach zero or 
atmospheric and thus make more of the head available for producing 
velocity. Assuming that the rale of flow Q over a sharp-crested weir 
having a length L and operating under a head h is Q = 3.33L/^’^, and 
also assuming that the rise of the lower nappe is 0.11 h, making JI = 0.89/i, 
the formula of flow' would become Q = 4.10L//*^^ for a perfectly shaped 
rounded crest when discharging at hs designed head. Coefficients for 
rounded crests usually lie between 3.0 or less for low' heads and 4.0 for 
well-shaped crests at designed heads. 

36. Velocity Meters. The venturi meter, shown in Fig. 7 was 
invented by Clemens Herschel.* Th(‘ rate of flow through the meter can 
be expressed as 



^ ~ =n)7j 


where I)f and Di = diameters at the entrance and at the throat, respec- 
t i vely 

h = difference betw^etm pressure at ent ranee and pressure 
at throat 
C = a coefficient 

For most meters the value of C is unity. Formula (17) can be derived 
directly from an algebraic expression of Bernoulli’s theorem. 

^ “Manual of Engineering Practice No 11,” A.S C E , 1936 
* WooDBCRN, J. G., “Tests of Broad-crested W'eirs,” Trmts. A S.C.E.j Vol. 96, 
p. 387, 1932; U.S, GeoL Surveyj Water Supply Paper 200, H)07. 

^ HERbCHEL, C., “The Venturi Meter,” Trans. A.S.C.E., Vol. 17, p. 228, 1887. 
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Venturi meters are extensively used for the metering of water in 
pumping stations, treatment plants, and other locations where high rates 
of flow are to be measured. Indicating and recording mechanisms are 
available to indicate the momentary rate of flow or to integrate the 
cumulative volume of flow through the meter. ^ 

Elbows in pipe lines may be used to measure the quantity of water 
flowing in the line.^ The difference in pressure head /?„ l>etween the inner 
and the outer edge of the bend is measured by means of a differential 
gauge. The formula 

r = A'/i/-' (18) 

in which K equals a constant, may be used to dt'tennine tlu' mean velocity 
V around the bend. 

The value of K must be determined by calibration foi accurate' 
results. It varies with the ratio of diameter of pipe to ladius of bend, 
approach conditions, and type of pipe. Tests by Lansford** at the Uni¬ 
versity of Illinois indicate that in English units K varies fn'm about 7.0 
for 1-in. pipe to about 5.0 for 24-in. pipe. The 1-in. pipe bends tested 
were in ordinary steel pipe with short-radius scrc^^ tdbows. The 24-in. 
pipe bends were in spiral-riveted steel pipe with segmented elbows, having 
a ratio of diameter of pipe to radius of bend equal to about 0.8. 

36. Other Methods of Measuring Rates of Flow. Among many 
methods used for the measurement of high rates of flow may be included 
the Pitot tube and the current meter. Both show velocity of flow, the 
Pitot tube being more commonly used in closed conduits and the current 
meter in open channels. The rate of flow through the conduit is the 
product of the measured velocity and the cross-sectional area of the 
stream at the point where the velocity was measured. 

37. Measuring Flumes. Open flumes with a constricted throat 
section, somc'times called venturi flumes, can be used for measuring the 
rate of flow of w^ater. A true venturi fluim^ reejuires the measurement of 
the depth of flow^ in the flume and at the throat. A Parshall flume is a 
special type of venturi flume, see Fig. 8. The flow through such a flume 
can be expressed as 

Q = 4AWJf^ (19) 

^ See also Regester, R. T., Main-line Metering of Water, Sewage and Sludge,’^ 
Water Works & Sewerage^ June, 1941, p. R-31. 

* Jacobs and Sooy, ^^New Method of Water Measurement ))y Use of FJbows in a 
Pipe Line,’' Jour. Elec. Power GaSy July 22, 1911; Yarn ell and Nagler, “Flow of 
Water in Bends in Pipes,” Trans. A.S.C.E.y Vol. 100, p. 1018, 1935; Lansford, 
W. M , “ Discussion,” ibid.j p. 1036. 

* Lansford, W. M., “The Use of an Elbow in a Pipe for Determining the Rate of 
Flow,” Univ. III. Eng. Expt. Sta. Bull. 289, 1936. 
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where W = width at throat of flume 

// = depth, shown in Fig. 8, at point where depth observations are 
made 

The use of venturi flumes is not common in waterworks practice because 
public water supplies are not commonly conveyed in open channels. 



8.— A Parshall flinne. 


38. Salt-velocity Method of Measurement. Allen and Taylor* have 
introduced a method for the measurement of the rate of flow of water. In 
this method salt solution is Litroduced into a conduit and the time of 
passage of the solution betw(*cn pairs of (dectrodes placed in the conduit is 
observed. The rate of discharge through a conduit flowing full is equal 
to the volume of conduit between electrodes divided by the time of 
passage of the salt solution. Alason^ points out some of the dangers 
of using tliis metliod without full knowledge of the factors involved. 
Among the conditions affecting the accuracy of the method may be 
included uniformity of cross section between electrodes and the avoidance 
of large-scale eddi('s bet^^ een electrodes. 

39. Flow in Channels. It is commonly assumed that where water is 
flowing in a pipe the energy at any point in the flowing stream is ecjual to 
the energy at any other point downstream plus the loss of energy due to 
friction in flowing between the points. This principle, generally known 

1 Allkn, C. M., and E. A. Taylor, ^‘The Salt-velocity ^Method of Water 
Measurement,” Tram. A.S.C.E., Vol. 45, p. 285, 1923. 

* M\son, M. M., “Contribution to a Study of the Allen Salt-velocity Method of 
Water Measurement,” Jour, Boston Soc. Civil Eng., Vol. 27, p. 207, 1940. 
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as Bernoulli's theorem, can be expressed as 

2o + /la + 2g ~ ^6 + /^fc + 2g + (20) 

where Va and Vh are velocities of flow at A and B, respectively, and other 
nomenclature is illustrated in Fig. 9. 

It can be shown by mathematical analysis that if the velocity of flow 
is constant between any two points the head lost ///, for turbulent flow, 
varies as the velocity squared. The relationship can be expressed as 

( 21 ) 

The value of k depends on conditions such as the roughness, shape, and 
dimensions of the channel; the velocity of flow; tlie characteristics of the 
fluid; and the dimensions used. \'alues of k are determined empirically. 



Fkj. 9.—BornoiilH’.s theoroiu applied to opeii-cliannel flow. 


40. Flow Formulas. The numerous formulas available for solution 
of problems in the flow of water, A\ith coellicients based on incompatible 
qualitative descriptions of conduit mat(M*ials, add confusion and uncer¬ 
tainty to the use of any of them. Some formulas are shown in Table 3. 
The inclusion of Reynolds number^ and Froude^s number- in recently 
published formulas makes possible their use for fluids other than water, a 
refinement not widely applicable in routine waterworks practice. A real 
value of these numbers, particularly Reynolds number, is their appli¬ 
cability in the prediction of the performance of large conduits from 
experiments in small ones. Practice is generally focused on tlie use of 
the Hazen and Williams formula,^ Scobey’s* statement in presenting his 

^ See Reynolds, Osbokn, Phil. Trans, Roy. Soc. (honrion), 1882, 1885. 

* See Froupe, W., Trans. Inst. Naval Arch.^ Vol. 11, p. 80, 1870. 

•’Williams, G. S., and Allen Hazen, “Hydraulic Tables," John Wiley & Sons, 

Inc., New York, 1st ed., 1905, with subsequent editions. Jonr. New Engl. Water 
Works Assoc. j September, 1935. 

* S(’obey, F. C., “The Flow of Water in Riveted Steel and Analogous Pipes," 
V.S. Dept. Agr., Tech. Bull. 150, p. 18, 1930. 
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Table 3.—Formulas for the Fix)W of Water 

Name Formula 


Weisbach or Darcy ^. h 


r ^ 11 

D 2g 


Ch6zy*. V 

Kutter*. V 

Manning*. V 

Uliodes*^. V 

(Japcn®. V 

Bazin ^. V 

llaz('n and Williams'*. V 

Sco])(*y®. V 

Flanuint‘“. V 


cVks 

r 1.81 


-+41.67+5:^8 

n S 


1 -f 


Vr 


( 41 . 67 + 2 :^??) 


VfiS 


1.486 


RHSa 


n 

l7.5/t!n® 6^s’o 6 


0.552 + "- 

VR 

c/e“®‘VS» "*(0.001 »»*) 
cir'S*‘ 


* ** Recherchea ('xperimentalea relatives au mouvement de Veau dans lea luyaux," Paiin, 1857. 

* AlKobraically the* Haiiu* aa Weiahach or IJan\\. 

* (lANdUiLi-ET, K., aiul W. R. Ku’n’EK, “A tloneial Foimula foi Flou of Water in Rueis and Otlu'r 
Channela,” 2d od., translated by .1. C, Tiautwino, John Wile> iSt Sons, Inr*., Ne>\ Yoik, 1907. 

< Manning, ttonKar, Ttantt. Inat. Ctvit Eny. of Inland, Vol. 20, 1800. 

‘ Eng. News-Record, Auk. 15, 1040, p. 45. 

»Jour. A.W.W.A., Vol. p. 1, 1041. 

Bazin, M., Annales pouts et chausl^rs, October, 1888. 

* '* llydiaulic Tables,” 1 ed., John Wiley & Sons, Inc., New York, 1005, and Huba«*qiM‘nt editions. 

» U.S. Dept. Ayr., Bull. 376, 1016; Bull. 8.52, 1\)24 Bull. 150, 1030. 

Flamant, a., Annales pants et chausfes, Septembei, 1892. 


Nonienulatuie; 

C “ a coefficient, dependiuK on rouKhneas of pipe walls 
D = diainetei of inpr*, ft. 

/ — friction factoi in Weisbach-Darcy for inula. V'alue ilepciifla on iouKhm\sH of jiiiie walk 
Fm =» fru’tion factoi in Cairen'a formula 
Fn ** Fioude’s number = V/\^Dg 
g ** acceleration due to Kravitj, ft. xier aec.* 

// »■ head loss, or friction loss, ft. foi lenKth i>f 1 ft. 

//i *® head lo.s8, or friction loss, ft. per 1,000 ft. 

k “ absolute rouKhness, or heiKht of surface rouKhness, or soon* hneui dimension representing 
height, foim, and distribution of such projections 
I * IciiKth of pipe, ft. 

m * friction factor, or coefficient of loiitrhness. in Bazin's foimulu 

n ■» friction fai'tor. or coefficient of n)UKhm*ss. in Kuttei’s and in MunuiiiK’s formulas 

R ■■ hydraulic radius of channel, ft. 

Rn “ Reynolds number “ VD/y = VDp/fi 
S bIojic of hydraulic Rrado line in uniform flow b* H/l 
V ■» velocity of flow, f.p.s. 
y — kinematic vkscosity 
p ■» density 
p ^ relative viscosity 
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formula is significant in this connection. He states: "'Engineers not 
wishing to adopt the new formula . . . should not digress farther than 
to use the Williams-Hazen formula, which conforms with reasonable 
closeness to that of the writer for usual sizes and velocities.'’ 

Taboi 4.—Values of n in Kutter’s and in Manning’s Formulas 


Material n 

Well-planed timber. 0.009 

Neat or very smooth cement. 0.010 

Uiiplanod timber, best concrete. 0.012 

Smoot ii masonry or brickwork or ordinary concrete. 0.015 

Rubble masonry or rough brickwork. 0.017 

Smooth earth. 0 020-0.030 

Rough grassy cliannels. 0.030-0.050 


Comparisons and discussions of the various formulas are frccpiently 
published. Among the more comprehensive artich's may be included 



W.A., June, 1947, p. 570.) 

those of Capen,^ with an extensive bibliography and with subseciuent 
discussion,2 and Hinds.^ 

The Weisbach-Darcy formula 

/ 

1 Capen, C. H., “Trends in Coefficient of Large Pressure Pipes,” Jour. A.W.W.A., 
January, 1941, p. 1. * 

^Jour. A.W.W.A., April, 1942, p. 52.3. 

‘‘’Hinds, Julian, “Ck)mpari8on of Formulas for Pipe Flow,” Jour. A.IP.IT.A,, 
November, 1946, p. 1226. 











Si 


WATER SUPPLY ENGINEERING 


may be considered as rational. It can be developed mathematically 
from Jkmoulli's theorem, a mathematical expression of the principle of 
the conservation of energy. The trend in practice is to use this formula, 
in connection with Reynolds number, in problems involving fluids other 
than water and for the extension of experimental data beyond the limits 
of experimental ol)scrvations. Values of/ are shown in Fig. 10.^ Values 


Values (AVdhr water erf 60*F 



Fni. 11. Solution of ('olobiook formula for rough pipe. {From G. II. Hickox, Proc. 

A.S.C.E., AiyriU 1047.) 

of / in a large tunnel are shtnvTi by llicox- to be affected by Reynolds 
number. Relative roughnesses are shown in Fig. 11, and some values of 
k are given in Talile 5. 

The Ch^'^zy formula is algebraically identical to the Weisbach-Darcy 
formula. It is usually expressed as T = C \/ifiS, in which V is the velocity 
of flow, C is a constant, U is the hydraulic radius, and S is the slope of the 
hydraulic grade line in uniform flow. 

^ From IIUPSON, Lko, “Arial>sis of Pipe Flow Forirmlas in Terms of the Daroy 
Function /,” Jour. A.W.M\A., June, 1047, p. 568; see also Moody, L. F., “Friction 
Factors for Pipe Flows,’' Tiam. A.S.M^E.., Vol. 66, p. 671, 1944; and Hinds, Julian, 
“Comparison of Pipe Flow Formulas,” Jour. A W.W.A.^ November, 1946, pp. 1226, 
1243, 1244, and April, 1945, p. 405. 

* IIk’ox, (1. H., and others, “Friction Coefficients in a I.^rge Tunnel.” Proc. 
A.S.C.E., April, 1947, p. 451. 








HYDRAULICS 


35 


Table 5. Absolute Roughness k of Various Materiaijs 


i 

Material 

i 

k 

1 Rutter’s and 
' Manning’s 

Corresponding 
value of k 

Drawn tubing. 

0.000005 

0.0105 

0.00015 

(Commercial steel or wrought iron. .. . | 

0.0(X)15 

0,011 

0 0005 

Asphalted cast iron . j 

0.0004 

0.012 

0.0002 

Galvanized iron.| 

0.0005 

0.013 

0.005 

Wood sta\'e . I 

0.000fM).003 

0.014 

0.011 

Cast iron. 

0 00085 

0.015 

0.02 

Concrete . 

Rivc'ted ste(*l . 

__1 

0.001 -O.Ol 
0.003 -0.03 

O.OU) 

0.03 


Table 6.—Valttes of (' and of A'l in ITazens and Williams Formula 
(For circular pipes running full) 


Material 


1- 

A'l 

New tar-coated pipes: 



Supply and transmission mains larger than or ecpial to 10 in... . 

135 

0 35 

Distribution mains smaller than 10 in. 

125 

0.405 

\ew c(‘ment-lined pipes: 



Centrifugal method, based on actual diam. vljere diniu. is 



bet w(»en 4 and 24 in.’. 

150 

0.28 

New cast-iron pipe, pit cast . 

120 130 


New cast-iron pipe, centrifugallv cast . 

125 135 


(Vinent lining, applied by hand . 

125 135 


IJitumastic enamel, hand })rushed. 

135-145 


Bitumastic enamel, centrifugally applied. 

145-155 


(’oncrete, best workmanship, large diam .... 

145 155 


Ordinary tar-dipped cast-iron, 20 years service in inactive watcT. 

no 125 


Ordinary tar-dipped cast-iron after long service with seven* tulx'r- 



culation. 

30 40 


Ordinary tar-dipped cast iron; average effect of tubereulation on 



values of C: new, 135; 5 years old, 120; 10 years old, 110; 15 



years old, 105; 20 years old, 95; 30 years old, 85; 40 years old, 80 



New bituminous enamel-lined pipes 



Supply and transmission pipes 16 in. or larger. 

155 

0.27 

Smaller than 16 in . . 

145 

0.30 

Transite pipe: j 



6-in. . . 

140 + 

0.32 

Old tubercAilated cast-iron pipe after 20 years of service. 

100 

0.61 























36 


WATER SUPPLY ENGINEERING 



Fio. 12.—A nomographic chart for the solution of problems involving the Hazen and 
Williams formula. Use of diagram: Place a straightedge on two known points and read at 
the intersection of the straightedge with the verticals the values of the other two liydraulio 
elements which satisfy the condition. When only Q and V are given the problem is 
indeterminate. 
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The Ch6zy, Kutter, and Manning formulas are most commonly used in 
problems involving open-channel flow. 

41. Hazen and Williams Formula. The Hazen and Williams formula 
is the formula most commonly used in the solution of problems in the flow 
of water in closed conduits. The formula can be expressed as shown in 
Table 3 or as 

„ ^ 3.030T^ “ _ 

The nomenclature used is shown at the bottom of Table 3. Values of 
C and of Ki are shown in Table 0. 

Solutions of problems involving Hazen and Williams formula hav(' 
been simplified by the use of slide rules and charts. A nomographic chart 
is shown in Fig. 12 based on the value of C = 100. Engineers sometimes 
refer, indirectly, to the Hazen and Williams formula when describing 
the characteristics of a pipe as a ‘^100 pipe'^ or a “100 pipe,” depend¬ 
ing on the coefficient of roughness. Since V and Q vary directly with the 
coefficient C, Fig. 12 can be read directly with C = 100. The correct 
value is equal to the product of the true value of C and the observed value 
of F, or of Q, respectively, read from the chart, divided by 100. 

Example: Find the rate of flow and the velocity of flow in a biturninous-Iined pipe 
10 in. in diameter, wlien the head loss is 1 ft. per 1,000 ft. and C = 100. 

Solution: Reading from Fig. 12, Q — 1,000 and V = 1.6. The corrected value of 
Q is 1,000 X 160/100 = 1,600 g.p.m., K - 1.6 X 160/100 = 2.6 f.p.s. 

The value of S or of H for values of C other than 100 must be com¬ 
puted by multiplying the value read from the chart by (100/0)^ *^^ 

Example: Find thc' head lost, in feet, and the velocity in feet per second, in 2,000 ft. 
of 16-in., bitumastic-lined pipe ulien Q — 1,600 g.p.m., and C = 160. 

Solution: Reading from the chart, H == 2.4 and V = 2.6. The head loss in 2,000 
ft. is (2.4 X = 2 ft. 

When two of the three terms Q, F, and D arc known, the third can be 
read directly from the chart, since regardless of the value of C, 

fTT/Jin 

0 = ^F = [-4 JF 

Hence, in the preceding example F = 2.6. 

42. Effect of Temperature on Pressure and Flow. In general, the 
effect of change of temperature on pressure and on rate of flow is so slight 
that it is neglected in practice. The effect of temperature on density and 
viscosity of water is shown in Table 7. These figures show that the 
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Table 7.—Density and Viscosity of Water at Different Temperatures 


Temp., 

“F. 

Density 

P> 

Ib./cu. 

ft. 

Viscos¬ 
ity M, 
Ib./ft. 
sec. 

1 

p/m = 
llv 

\ 

Temp., 

°F. 

Density 

P» 

Ib./cu. 

ft. 

Viscos¬ 
ity P, 
Ib./ft. 
sec. 

II 

32 

62.42 

0.001206 

51,754 

90 

62.12 

0.000513 

121,091 

40 

62.42 

0.001039 

60,082 

100 

62.00 

0.000458 

135,371 

50 

62.41 

0.000880 

70,918 

150 

61.20 

0.000291 

210,309 

60 

62.37 

0.000759 

82,173 

175 

60.69 

0.000241 

251,825 

70 

62.30 

0.000660 

94,393 

200 

60.14 

0.000205 

293,365 

80 

62.22 

1 

0.000579 

107,611 

212 

59.84 

0.000141 

313,314 


pressure on a surface submerged in water at 40®F. is 62.42/(32.00 times the 
pressures at 100°F. 

The effect of viscosity and density on flow are cared for in Darcy’s 
formula by Reynolds number. 



Temperoi+ure in Deg.F. 

Fuj. l.'i.- Helation iK'twoon reciprorul of kinematic viHCOsity and temperature for water. 

Figure 13 shows the relation between the reciprocal of kinematic 
viscosity and temperature for Avater, and Fig. 14 shows the relation 
between the friction factor/and the Reynolds number taken from a study 
by Kemler.^ It appears that as the interior surface of pipes become 
rougher tlie value of / tends to become constant for all values of Reynolds 
number. This indicates that for very rough pipes the density and vis¬ 
cosity of the Avater luiA^e no efTect on the loss of head due to friction. 

' Kemler, Fmory, Study of the Data on the Flow of Fhiids in Pipes, Univ. of 
Pittsburgh,” Trans, A.S.M.E., Vol. 55, 1933, HYD. 55-2. 
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Example: What will be the effect upon the friction loss in a 12-in. new steel pipe 
carrying water at 6 f p s. if the temperature of the Abater clmnges from 40 to 90®? 
(Interpolate values given in Table 7 ) 

Solution: 


Nh at 40» = = 300,500, , = 0.0173 

Nr at 90“ = ^ = 726,500, / = 0 0159 


Answer: The friction loss would be decreas(‘d (0 0173 *- 0 0159)/0 0173, or by 
about 8 per cent The carrying capacity would be 8 per cent greater for the 90® 
water than it is for the 40® water. 


"I I I—I— i -T " !* — — ' '-'-! —'—^ 

• Ate/e; Th/s figure /s m/ene/edonf^ HullusTraie the - 
■ relation md/cated^ It shov/dnoibe considered as I" ■ ■ ■ 
establishing specific values except for the particular rr-] 
tests represented The data are taken rrom, **A SfudvVA 
of the Data on the Flow of Fluids in Pipe by Fmory KemJer 


S M £. voL S6 HYD 5S-2 (1935, 





10,000 


100,000 

Reynolds Number 


1 , 000,000 


Fio. 14.—llelalioii l)ctwoon friction factor / and Reynolds number. 


43. Minor Losses of Head. The principal lic^ad loss due to friction in 
a long pipe lim* n'sults from the friction between the A\ater and the sides 
of the pipe. This is the head loss indicated in the formulas in Table 3. 
However, other losses occur at changes in direction, pipc^ size, valves and 
fittings, and, in fact, at any point ^\here turbulence is created. Some of 
the more common caus(\s of minor losses of head are listed in Table 8. 


Table 8 —Minoh Losses of Head Dul to Frk’tion 


Liiuse 

Entrance to « pipe 
Sudden enlargeinent 
Sudden cH)ntraction 
Around bends 

Nomenclature 


h'ormula 



ki, ks, and ks = (ocfficients 

a = area of the laiRcr jiipe 
a I art*a of the smaller pipe 

V ** \eloritv in pipe, or in laiKei of two pipes 
Vi = \ clot it V in smaller of i^^o pipes 
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Values of ki depend on the character of the inlet. Values of are 
given in Table 9, and of kz in Table 10. The values shown in Table 10 
are applicable primarily for small pipes up to about 2 in. in diameter. 
Their applicability to larger size pipes has not been demonstrated. 

Loss of head through valves and fittings is commonly expressed in the 
form h = knV^/2g, A few values of kn are shown in Table 11. 


Table 9.—Values of Fcm Hi dden Contraction 


a/oi. 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.00 

k2 . 

0.362 

1 

0.388 

0.308 

0.267 

0.221 

0.164 

0.105 

0.053 

0.005 

0.000 


Table 10.—Values of k 2 for Bends 


/.)/radiii8of bend. 

0.2 0.4 0.6 

0.8 1,0 ^1.2 

1.4 

1.6 

1.8 

2.0 

k-4 . 

0.1310.1380.158 

1 

0.200 0.20410.440 

1 1 

0.661 

0.977 

1.40 

!i.98 


Table 11.—Values of kn for FrrriNos^ 


Pip(‘ fitting 

kn 

Pipe fitting 

kn 

(Uobo valve, wide open. 

10 

Medium-radius elbow. 

0.75 

Angle valve, wide open. 

5 

Jjong-radius el})OW. 

0.60 

C^loHc return bend. 

2.2 

45-deg. elbow. 

0.42 

Tee, through side outh't. 

1.8 

Cate valve, wide open. 

0.19 

Short-radius elbow. 

0.9 

Submerged diseluirge. 

1.0 


' Fiom Lenuall, H. N., “ llydraiiUcH and Water Work^^ KuKineerinK,” Jour. A.V/.W.A., December, 
UW), I). 2075. 


44. Hydraulic Grade Line. A hydraulic grade line is a lino joining 
points whose vertical distances from the centroid of the cross section of a 



stream flowing in a closed channel 
are proportional to the pressure in 
the pipe at the point. In open- 
channel flow, the hydraulic grade 
line lies in the surface of the 
stream. The slope of the hydrau¬ 
lic grade line is known as the 
hydraulic gradient. The total 
energy line is the locus of points 
lying one velocity head above the 
hydraulic grade line. 


Fig. 15. —Bernoulli’s theorem applied to 
cloMcd-channel flow. 


The hydraulic grade line and 
the total energy line, shown in 


Fig. 15, indicate the effect of friction losses and changes in velocity on 
the pressures and energy in a pipe line. 
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46. Equivalent Pipes and Compound Pipes. Two pipes, two systems 
of pipes, or a single pipe and a system of pipes are said to be equivalent 
when they have the same roughness coefficient and the losses of head for 
equal rates of flow in them are equal. Problems involving equivalent 
pipes are frequently encountered in waterworks practice. 


Table 12.—Equivalent Pipe Capacities 
(Based on Hazen and Williams Formula) 


Diam. 

in. 

4 

6 

8 

10 

12 

16 

24 

36 

48 

Relation 
of cost to 
(japacity* 

4 

1 


i 







1 1 

6 

2.9 

1 








0.52 

0.31 

8 

6.19 

2.14 

1 


. 1 





10 

11.12 

3.84 

1.80 

1 






12 

18 

6.21 

2.90 

1.61 

1 





0.17 

16 

38.4 

13.3 

6.19 

3.45 

2.14 

1 




0.12 

24 

111.2 

38.4 

18.0 

10.0 

6.19 

2.90 

1 



36 

323 

111.2 

52.2 

j 29.0 

18.0 

8 42 

2.90 

1 



48 

689 

238 

111.2 

61.9 

38.4 

18.0 

6.19, 

2.14 

1 


60 

1,239 

428 

200 

111.2 

69.0 

32.3 

11.2 1 
_1 

3.84 

1 _ 

1.80 



The fitftires in the table show tiie relative rates of flow in pipes that will give the same loss of head 
with the same coeflicient of roughness. 

* From Booth, G. W., “Practical Studies of Distiibiition Systems,” Jour. A.W.W.A., September, 
15)44, pp. 5)57 and 961. 

2 Fiom Howhon, L. R., “The Distribution System,” Jour. A.W.W.A., December, 1943, p. 1517. 
Relation for 20-in. pipe is 0.09. 

A compound pipe is made up of two or more pipes of different diam¬ 
eters connected end to end (in series) or of two or more pipes of the 


Sloimese or Parallel 
Compound 

Fia. 16.—Compound pipe. 

same or different diameters connected in parallel. The two conditions 
are illustrated in Fig. 16. (Compound pipes exist in all water-distribution 
systems and in most long pipe lines. The solution of hydraulic problems 
in compound pipes depends upon a knowledge of equivalent pipes. 

In the solution of problems involving rates of flow and head losses in 
compound pipes, the first step is to reduce the compound pipe to one 
equivalent pipe. In mo s^, i s customary to neglect minor 


1500' 

6 " 

1200 ' 

1400^ 

10 " 


A 1500' 1200' 1400' B 

* 6 " * 8 "* 10 '' * 
Series Compound 
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losses of head. Any convenient value of C can be chosen since rates of 
flow-vary directly with the value of the coefficient. In the following 
examples, C will be chosen as 100. 

When the system is a series-compound, a procedure to determine the 
equivalent pipe is as follows: 

1. Assume any convenient rate of flow through the pipe line that will give good 
inttjraections on the chart (Fig. 12). Compute the head losses in eacli section of pipe 
of the same diameter. 

2. Find one pipe whose diameter and length are such that, with the assumed rate 
of Mow, the liead loss is etpial to the sum of the head losses in th? pr(M*c'ding step. 

Example: Let it he deHin‘d to find a pipe ecpiivalent to the series-compound pipe 
shown in Fig. 16. 

Solution,: It is found tliat an assumed rate of 400 g.p.m. gives good intersections 
on IMg. 12. Tabulating the computations: 


Diameter of 
pipe, in. 

liongth in lOOO’s 
of feet 

Head loss, ft. p(T 

1 1,000 ft. 

Total head, loss in, ft. 

6 

1.5 

22.4 

22.4 X 1.5 = 33.6 

8 

1.2 

5.5 

5.5 X 1.2 = 6.6 

10 

1.4 

1 .9 

1.9 X 1.4 = 2.7 

Total head loss... 



42.9 


SiiK'C no length was specified for the e(piivalent pipe in the data, any convenient 
length may be assumed as, for exarnj le, 1,000 ft. Hence, the equivalent pipe has a 
head loss of 42.0 ft. per 1,000 ft. wluui carrying 400 g.p.m. The diameter of the 
e(juivalent l)ipe, read from Fig. 12, is, therefore, 5.2 in. 

Likewise, the diamcder of an equivalent pipe 2,000 ft. long, with head loss of 
42.0/2 — 21.5 ft. p(T 1,000 ft., is read from the figure as 6 in.; or if the equivalent 
diameter is assumed as, say, 8 in., the head lowss per 1,000 ft. is 5.1 ft. It would 
require 42.0/5.1 X 1,0(K) = 8,400 ft. of 8-in. pipi* to be equivalent to the series- 
compound pipe shown. 

A procc*dur(‘* to b(' usc'd wlu'ii the system is parallel-compound is as follows: 

1. Assume any convenient head loss between the junction points that will give 
good intersections on the chart (Fig. 12), and compute the rates of flow in each pipe. 

2. Find one l)ipe whose diameter and length are such that with the assumed head 
loss th(‘ rate of flow is equal to the sum of the rates of flow in each pipe. 

Example: Let it be desired to find a pipe eipiivalent to the parallel-compound sys¬ 
tem shown in Fig. 16. A hc'ad loss of 6 ft. from A to B will b(‘ assumed, for conven¬ 
ience. Th(*n, tabulating the computations: 


Diameter of 

I.iength in 1,000’s 

Head loss, ft. per 

Rate of flow, 

pipe, in. 

of feet 

1,000 ft. 

g.p.m. 

6 

1.5 

4 

160 

8 

1.2 1 

5 

380 

10 

1.4 i 

, 4.28 

630 


Total flow.I 1,170 g.p.m. 


* Another method is offered by B. E. Seal, “Slide Rule Speeds Pipe Studies for 
Water Supply Systems,” Eng. News-Record, June 12, 1947, p. 104. 
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If the length of the equivalent pipe is assumed to be 1,000 ft., then ite diameter, 
with a flow of 1,170 g.p.m. and a head loss of 6 ft., is 12 m.; if the length of the equiva¬ 
lent pipe is assumed as 2,000 ft., its diameter is 14 in.; and if the equivalent diameter 
is 10 in., a length of 430 ft. must be assumed. 

Other methods for the solution of problems in equivalent pipes have 
been suggested,^ but their relative simplicities is dependent on the 
formulas used and the availability of tables for their solution. 

46. Crossover Systems. A crossover occurs in a pipe system when 
two pipes are joined by one or more pipes that are connected to the other 
two between their points of joining. Single and multiple crossovers are 
illustrated in Fig. 17. Such crossovers are common in waterworks dis¬ 
tribution systems. The head losses, rates of flow, and other factors 
cannot be computed by the equivalent pipe method. A method for the 

C C E BE ABC 

A 

n D F D G 

SINGLE DOUBLE MULTIPLE 

Fig. 17.- Crossovors. 

solution of such problems, devised by Hardy Cross, is explained in Sec. 
388. 

47. Fire Streams. The determination of the head loss, or rat.e of 
flow, in a single fire hose and nozzle attached to a hydrant pres(»nts no 
special difficulty when the coefficients of friction in the hose and of dis¬ 
charge in the nozzle are known. Ordinarily, fire hose is 2^ 2 hi diam¬ 
eter and is rubber lined. The rate of flow through it can be expressed 
as 

Q=^l-AV2gh ( 21 ) 

where Q = rate of flow 

k = coefficieuit of discharge of nozzle, usually lying between 0.95 
and 0.99 for smooth conical nozzles 
A = cross-sectional area of nozzle 
g = acceleration due to gravity 
h = pressure at base of nozzle 

The loss of head through the fire hose may be computed by the 
Weisbach-Darcy formula in Table 3, using the value of / as shown in 
Table 13. 

1 Graves Q. B., '‘A Simplified Solution for Equivalent Pipes,” Civil Eng., Febru¬ 
ary, 1944, p. 70; and Arbuthnot, J. li., “Chart for Determination of Equivalent 
Pipes,” Water & Sewage Works, August, 1946, p. 306. 
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Table 13.—Tbiction Factors in 2|^-in. Fire Hobe^ 


Description of hose 

1 Values of / for velocities, f.p.s. 

4 

6 

10 

15 

20 

Unlined canvas. 

0.038 

0.038 

0.037 

0.035 

0.034 

Hough rubber-lined cotton. 

0.032 

0.031 

0.031 

0.030 

0.029 

Smooth rubber-lined cotton. 

0.024 

0.023 

0.022 

0.019 

0.018 


* From LENOAm^, II. N., “Hydraulics and Water Wotks Engineering,” Jour. A.W.W.A., Dc'cembci, 
nW9, p. 207. 


Two, three, or even four hose lines may be attached to the same 
hydrant. Where multiple hoses are connected to hydrants and the rate 
of discharge from one nozzle and the lengths of all hoses are known, the 
detennination of the rates of flow and the pressures at the other nozzles 
must be solved by trial and error. 

Example: IjC't it be required to determine the pressure at the hydrant, the pressure 
at the base of each nozzle, and the rate of 0ow from nozzle B in Fig. 18 if both nozzles 
are smooth, with k *= 0.97, and the rate of flow from nozzle A is 356 g.p.m. 



I' lu. 18. Hose and nozzle problem. 


SolvUon: 1. Del-ermine pressure at the base of nozzle A. 


2gk^A^ 


V7.5 X 60, 


)’ 


64 X 0.97* X 

2. Detenuinc the head loss in hose A. 

92 


— = 30 p.s.i. 
X 2.3 


^ d2g 


0,031 ^ 


2 _^ 

12 


X 64 X 2 


/ 2.25 \ 

V4 X 144/ 

=')(«0X7.6X^^)’) 


= 50 p.s.i. 


3. Determine pressure at hydrant. 

30 + 50 * 80 p.s.i. 

4. Assume Q from nozzle B * 200 g.p.m. 

5. Determine pressure at nozzle J5, using method in step 1. h ^ 47.6 p.s.i. 

6. Determine loss of head in hose B, as in step 2. 

h « 32.4 p.s.i. 

7. Determine pressure at hydrant, as in step 3. 

47.6 -h 32.4 - 80 p.s.i. 
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This checks the pressure resulting from the known flow through noszle A. Hence 
the assumed flow of 200 g.p.m. through nozzle B is correct. If it had not been, 
another assumption would be made and the procedure continued until a satisfactory 
result is found. 

The rate of discharge from fire hydrants has been reported by Wilson* 
as 

q = 27d^-p^'‘ (22) 

whore q = discharge, g.p.m. 

d == internal diameter of hydrant nozzle, in. 
p = pressure at hydrant, p.s.i. 

Additional information on fire hydrants is given in See. 330. 

The effective vertical height and horizontal distance of a jet for a good 
fire stream varies with the pressure at the base of the nozzle and size of the 
nozzle. Table 14 gives approximate values of height and horizontal 
distance of fire streams for different-size nozzles.^ 


Table 14.— Effective Heighi's and Distances for Eire Streams 


Pressure at 
base of 
nozzle, lb 
per sq lu. 

H-in. nozzle 

?4-m. 

nozzle 

1-in. nozzle 

1 H'ln. nozzle 

Vertical 

height, 

ft. 

Hori¬ 

zontal 

distance 

ft. 

Vertical 

height, 

ft. 

Hori¬ 

zontal 

distance, 

ft. 

^ Vertical 
height, 
ft. 

Hori¬ 
zontal 
dist ance, 
ft. 

Vertical 

height, 

ft. 

Hori¬ 

zontal 

distance, 

ft. 

20 

34 

15 

33 

29 

35 

37 

38 

42 

40 

38 

25 

60 

44 

64 

55 

69 

66 

60 

40 

33 

72 

54 

79 

67 

87 

79 

100 

44 

46 

83 

68 

96 

83 

103 

96 


^ Wilson, P S , “Hydrant Discharge Measurements,” Watfr Works & Sewerage^ 
April, 1935, p. 115. 

* Freeman, John R., Trans, A.S.C.K.j Vol. 21, p. 303, 1889. Fleming, V. R., 
Vniv, ILL ExpL Eta., Bull. 105, 1918. 





CHAPTER III 

DEMAND FOR WATER 

48. Estimates of Demand. The making of an estimate of the 
probal>le rate of demand for water is among the first steps to be taken in 
the design of a waterworks system or the extension of an existing system. 
The determination of the demand is important because it fixes the capaci¬ 
ties and sizes of all parts of the waterworks system. The rate of demand 
changes with the growth of the city, and it is obviously undesirable to 
construct a system, adequate for immediate needs, which might be out¬ 
grown in a short time. It is necessary, therefore, to make provision for 
future conditions. 

The period into the future for which the estimate of demand should be 
made depends, fo some extent, on the portion of the waterworks being 
designed and how it is to be financ(‘d. If the structure is long-lived and 
will be of benefit to future generations, it would be unfair to the present 
generation to put upon it the full financial burden. On the other hand, it 
is unwise and uneconomical to build for too short a period. In some 
states, 20 years is the l(*gal limit of time.in which municipal bonds must be 
retired. Such a period is a fair guide to the judgment of tlie designer 
when no better information is available. By designing a structure to 
last during the period that payments are being made, the generation 
paying for it enjoys it, and no unfair financial burden is placed upon the 
present or upon the future. 

In making an estimate of future demand, information on present 
consumption is frequently available. This may be in the form of 
pumpage recv)rds, meter readings, or other records. Such information is 
of great value. In using it, allowance should be made for the changed 
conditions that will result from the proposed improvement. Higher 
pressures, better quality, greater availability, and development of new 
uses for water, such as for air conditioning, will increase both tlie rate of 
demand and the total demand. 

49. Population and Rate of Demand. Since water is supplied to the 
residents of a community for their use, it would seem to follow logically 
that the greater the number of users, the greater the use of water. How¬ 
ever, because of many conditions affecting the rate of use of water, the 
rate of demand does not increase directly with the population. Among 
these conditions may be included the following: 

46 



DEMAND FOR WAITER 


47 


1. In large cities nearly all persons are consumers; in small communities this is 
less likely to be true due to the private well or other source of supply. 

2. In some cities the industrial demand may be relatively large; in others the 
industries may possess private sources of water supply. 

When making estimates of demand based on the population of a small 
community, consideration must be given to such conditions. The daily 
per capita demand for water usually increases as the population of a city 
increases. This is due to greater industrial demands and to increased 
use for municipal purposes such as street cleaning, park irrigation, and 
fountain operation. 

Studies reported by C. H. Capen, Jr.,^ indicate that tht' following 
expressions may be used as an approximate indication of this trend: 

G = 53P® for completely metered low-waste systems 

G = 54P^‘ ^25 Iqj. well-metered average systems 

G = gallons per capita per day 

P — population in thousands 

60. Prediction of Population. Predictions of future events are 
logically based on knowledge of the past. Predictions of future popula¬ 
tion should be based on statistics of jmpulation '>nd on knowledge of 
events affecting population. Information on the population of a commu¬ 
nity may be obtained from such sources as the Ignited States decennial 
census, periodic school censuses, the chamber of commerce, the post offi(*e, 
public utilities, and health district records. In many engineering 
predictions of population growth it has been assumed that population 
trends of the past will be continued into the future, modifienl by environ¬ 
mental factors that can be foreseen at the time of the pr(»dietion. Five 
more-or-less “standard” methods have been used. They can be named 
as follow^s: 

1. Arithmetical progressiofL, in a constant increment of growth is addc 1 

periodically. 

2. Geometrical progression^ in vhicli a constant percentage of incr(*ase is asHUiiHHl 
for equal periods of time. 

3. Decreasing rate of increase, which fives n\sults between the arithmetical pro¬ 
gression and the geometrical progression. 

4. Graphical extension of th(* population-time curve into the future, by eye guided 
by judgment. 

5. Graphical comparison with similar but larger eiti(\s. 

The last method listed is the only one having any reasonable basis. 
In the use of this method the basic assumption is made that the city in 
question will grow as similar larger cities have grown in the past. Popu- 

^ Capen, C. H., Jr., *^How Much Water Do We Consume?*’ Jour, A.W.W.A.^ 
Vol. 29, p. 201, 1937; and Water and Its per C’apita Cost,” Water Works Eng., Feb. 
17, 1937, p. 212. 



48 


WATER SUPPLY ENGINEERING 


lation-time curves are drawn to the same scale as the population-time 
curve of the city in question. The curves for the larger cities are then 
moved horizontally to the right until they intersect the curve of the city 
in question. Such a set of curves is shown in Fig. 19. These curves show 
how the larger cities grew after passing the population of the city in 
question. The curve of the city in question is extended into the future 
by eye based on the experience shown by the curves for the larger cities 
and assumptions concerning future events. It may be expected that 



1680 1890 1900 1910 1920 1930 1940 -40 -30 -20 -10 0 +10 +20 +30 +40 

Census years Years before and after 1940 

Fia. 19.—Population prediction bv Rraphical comparison, showing Canton, Ohio to grow 

to 182,()()() in 1900. 

this method will giv(* the most reliable results of any of the statistical 
methods. 

(\)nditions or factors that may atTect the prediction within the 20- to 
50-year period to which predictions are limited in water\\orks practice, 
some of which cannot be expressed statistically, include the following: 

1. Immigration rates, or population movements, trends of which may be observed 
by statistical studies. 

2. Vital and morbidity conditions, revealed by a study of such statistics in the past. 

• 3. Industrial and economic changes. 

• 4. Educational, recreational, political, or other changes. 

• 6. Transportation facilities. 

• 6. War, disease, or other disaster such as fire. 

Knowledge of the coming of some of these changes may be available. 
Engineering practice involves careful consideration and, where possible, 
a statistical analysis of all factors that may affect the prediction before a 
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conclusion is reached. If the future brings changes not now predictable, 
it will be the responsibility of the waterworks administrators of the future 
to care for them. 

61. Population Trends and Growths. Methods explained in the 
previous section for the prediction of population are based on the principle 
that population will increase indefinitely with time. Such a conclusion is 
obviously illogical. The population of the United States has increased 
fiftyfold in the past 150 years. The continuation of such a rate of growth 
is beyond the realm of probability. 

Verhulst’s^ theory, paraphrased by Velz and Eich,- is: 

If population is expanding in a society of unlimited economic; opportunity, 
the rate of increase is constant. If it is growing in an area of limited economic 
opportunity, the rate of increase must tend to get less and less as the ])opulation 
grows, so that the rate of increase is some function of the population itself, limited 
to a saturation value by the level of economic opportunity. 

The United States is apparently entering an area of limited economic 
opportunity, and the population is approaching ^^saturation.’’ If 
population statistics are converted to percentages o^ saturation (limiting 
number possible) and these figures are plotted on the logistic* grid against 
time as abscissas, the curve will approach a straight line, the slope of 
which is known as the coefficient of growth. Examples of su(;h plot s are 
shown in Fig. 20. The logistic curve of Pearl® is a mathematical expres¬ 
sion of Verhulst’s theory, in the form • 

y 2 _j_ f}On-{a\X 


assuming three points uniformly spaced along the x axis, 
(Oy 2 /o)(xi, 2 /i)(2x2, 2 / 2 ), 


k = 


22 /o?/i 2/2 - yi^iVo + 2 / 2 ) 


yoy2 - yi^ 


flo = log 


k - yo 

yo 


^ ^ ^ yj) 

^ xi ^ yiik - yo) 


as 


( 2 ) 

(3) 

(4) 


The determination of the saturation value of the population is a matter of 
conjecture. It depends on the conditions of life at the time the satura- 

^Verhulst, P. F., “Recherches raathematiques sur la loi d’accroissment dc la 
population,” Mem. acad. roy. Bruxelles, Vol. 18, , pp. 1-58, 1844. 

*Velz, C. S., and H. F. Eich, *‘How Old Are Our Critics,” Civil Eng., October, 
1940, p. 619. 

* Pearl, Raymond, “Studies in Human Biology,” The Williams and Wilkins 
C/ompany, Baltimore, 1924, p. 578. 
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tion value is reached. If ratios of increments of increase of population 
for intervals of time are plotted against population at the ends of the 
periods, and the curve approaches the horizontal, saturation is approxi¬ 
mated. As a result of studies on such a basis Velz and Eich^ concluded 
that the great majority of our metropolitan centers have only 16^2 
cent to go to reach saturation and that our smaller cities are within 86.2 
per cent ±5.2 per cent saturation. 


Decades from 1940 

18 16 14 I? 10 8 6 4 2 0 2 4 6 8 10 



Fid. 20. - LoKistic Rrid showing life spun and time from 1040 to population stabilization of 
Ainerican cities over 25,000 (From Civil Enginnf inu, Octolxi, 1940, p. 020) 

It is to be noted tliat growth characteristics are independent of size of 
community and that the coefficient of growth will indicate the probable 
time that t he community will reach saturation. The coeflicienl of grow th 
is a valuable tool in the prediction of the population growth of a commu¬ 
nity. Some statistics including coefficients and populations are shown in 
'J^ble 15. 

62. Rates of Water Usage. A man, under normal conditions of 
comfort and physical work, consumes as a beverage less than a pint of 
w^ater a day. HoAvever, his demand for water for other purposes, on a 
desirable living standard, is relatively large. These other purposes that 
draw^ on the public water supply include, personally, the laundry, the 
kitchen, and the bath; and, communally, the industrial plant and the 
municipality. 

Studies of statistics of the rates of usage of w^ater in cities in the 
Ihiited States shows rates varying from a minimum of about 60 gal. per 

^ Velz and Eich, op . at . 
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capita per day up to more than 300 gal. per capita per day. In rough 
approximation it is generally assumed that the average rate is in the 
neighborhood of 100 gal. per capita per day. No correlation seems to 
exist between rate of consumption and location, character of city, or the 
population except that it is usually assumed that the rate of use per 
capita per day is larger in large cities and in industrial areas. In lOuro- 
peaii cities, rates are generally lower than in the United States, varying 
from 15 to 100 gal. per capita per day, under normal conditions. The 


Tablk 15.— (Jrowth ('HAR\crEuisTirs OF Some (‘itils of tub United Staten* 


City 

l^opulation 
in l(K),(KH)’s 

1 Saturation 

1 value in 

1 100,000’8 

1 Per C(‘nt of 

1 saturation, 
1940 

Coefficient 
of growth 

New York, N. V. 

109 

160 

91 

1 31 

Chicago, Til 

43 6 

57 

87 

1 .34 

Tx)s Angeles, Calif 

23 2 

35 

85 

2 4 

Clev(*land, Ohio 

12 0 

17 

81 

1 22 

Baltimore, Md 

9 5 

13 

77 

0.71 

Atlanta, (la 

3 7 

5 1 

1 83 

1.29 

Springfi(‘ld, Ohio 

0 687 

0.80 

90 

1 10 

Ogd(‘n, Utah . .. 

0.403 

0.54 

85 

1.25 

Danville, Ill . 

0.367 

0.45 

91 

1.28 

Bakersheld, Calif.. 

0.260 

0.38 

85 

1.76 


1 Velz, C. F., and 11. F. Eicii, "How Old Arc Om (’ities," Cwxl Eng , October, l‘)40, p. 619. 

lo\^er rate of demand in b^uropean as compared with American citi(\s is 
attributed to the greater iiercentage of dAvellings abroad without mod(*rii 
plumbing, to the somewhat lower standard of living among the major 
portion of the populations of the countries of lOurope, and also to the less 
wasteful attitude of the European householder. 


Table 16.—Consumption of Water for Various Purposes* 


Use 

Gallons per 
capita per day, 

Per cent of 
total 


average 

Domestic. . 

37 

34 

Industrial and commercial. 

42 

38 

Public. 

11 

10 

Waste and miscellaneous. 

20 

18 


Total , . 

110 

100 



* Approximate avt^raKos comjnlod from different Bourcob, prineipalh C. M. Savillb, Jour. A.W.W.A., 
Vol. 7, p. 915, and Fuller and MiClintock, Eng. Contr., Mar. 9, 1921, p. 222. 
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Allowance by the United States Navy for shore establishments’ are, 
in gallons per capita per day: general average, 100; hospitals, 150 to 200; 
temporary camps without water closets, 75; hotels for naval personnel, 
75; barracks for Waves, 125. Some Canadian statistics^ are shown in 
Table 17. Berry states that in a tabulation covering 104 cities varying 
from less than 1,000 to more than 1,330,000, the average usage was 109 
gal. per capita per day, with a low of 28 and a high of 427. The low 
occurred in East York with a population of 38,400 and the high at 
Merriton with a population of 3,000. It is to be noted that this infor¬ 
mation, and the statistics in Table 17, are contrary to the general trend 
of increase in rate of usag(j with increase in population. 


TaBJ.K 17.- (^ANADIAN HaTKS OF WaTER DeMAND* 


Population group 

Number of 
cities 

( 

! Average demand, gal. 
j per capita per day 

20,000 and over. 

1 

[ 31 • 

114 

5,000 20,000. 

40 

1 103 

Less than 5,000. 

•; 31 

110 


♦ Ukuky, a. K., "Somo C’unadian Water (N)nHumi)tion StatisticK,” Water and Sewage, November, 
ItHO. p. 11. 

In general, a rough approximation of 100 gal. per capita per day is 
commonly used in checking rates of \\-ater usage against population. 

53. Use of Water for Specific Purposes. The purposes for which 
water may be used are classified in various ways. One classification is 
indicated in '^fable 10. The purposes named therein are self-explanatory 
except, possibly, in the case of use for the public. The city government 
uses water for Hushing the streets; for fountains in parks, public buildings, 
schools; and for other distinctly municipal purposes. Water-waste 
surveys, the finding of leaks, and the prevention of waste are discussed in 
Secs. 410 to 413. 

Statistics on the rate of use of water for specific purposes are listed in 
Table 18. In a study of 202 hotels St.. Laurent^’ reports a use of 66 to 
1,144 gal. per day per occupied room, with an average of 400. 

64. Fire Demand. Protection against fire is one of the important 
functions of a waterworks. The total amount of water used in a year for 
extinguishing fires is usually a negligible part of the total consumption, 
but during a fire the rate of demand is so great as to be the deciding 

‘ WaUr Supply and Sanit., Circ. of Information, Bull. Y. and D., March, 1945. 

* Berry, A. E., “Some (^anadian Water Consumption Statistics,” Water and 
Sewage, November, 1940, p. 11. 

St. Laurent, G. C., Hotel Engineering, 1940. 
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factor in determining the capacities of pumps, reservoirs, and distributing 
mains in all but the largest cities. 

The fire demand is properly expressed in terms of the population, with 
a certain minimum limit, because the greater the population, the larger 


Table 18. Rates Water Usaoe for V-\Riors Purposes 
Purpose Amount 

Domestic only, 10 cities in New York, New Jer¬ 
sey, and New England^. 26-44.5 gal. per capita per day 

Single-family houses, 1927:^ 

W>st Haven, Conn.36.8 gal. per capita per day 

New Haven, Conn. . . . . 59.4 gal. per capita per day 

Industrial 

Airplane engine, test. 50.000-100,000 gal p(‘r unit 

Buildings, ofhee. 27-45 gal. per capita per day 

Hospital. 125-350 gal. per bed per day 

Hotels. 306-525 gal. pcT guest room per day 

Laundries. 3 -6.7 gal. per lb. 

Restaurants. 0.5-4 gal. per meal 

(bke*. 3,600 gal. per ton 

Electric power. 80 gal. per kwhr. 

Milk, general dairy. 340 gal. pcT 1,000 lb. raw milk 

Strawboard. 26,0(K) gal. p(‘r ton 

W’^oolens. . 140,000 gal. per ton finished 

1 PoKD, M. A., “Urban I)onu*Htu* Watoi C’onsnmpiion,” Jour. A.ll’.H’.A., , lOHl), p. 200S). 

* Jordan, H. E., “Industrial lOniuiioinents foi Watoi,” Jou). A.ir.U’.A., Junimty, 11)40, p. 05. 


Table 19.— Rates of Demand for Domestic CoNsuMmoN 
(Based on observations at Hartford, (kinn.) 


Type of dwelling 

Persons 

per 

service 

Gallons ^ 
per capita 
per day 

Gallons per capita ® per day 

Maximum 

Average 

Minimum 

Apartment houses.... 

51.4 

62.0 

101 

64 

6 

6-tenement houses. . . 

21.0 

25.6 




3-tcncmcnt houses.... 

12.5 

28.4 




2-tenement houses.... 

7.4 

30.0 




3-family houses. 

4.5 

31.2 

37 

16 

4 

2-family houses. 

5.4 

45.7 

66 

34 

11 

1-family houses. 

4.3 

81.4 

75 

54 

15 


» Jour. A.W.W.A., Vol. 7, p. 926, 1920. 

*Jour. New Engl. Water Works Assoc., Vol. 27, p. .57, 1913. 


the number of buildings and the greater the possibility of fires. A resi¬ 
dence burning in a village creates, however, as great a fire as when burning 
in a large city. The minimum limit of fire demand is, therefore, the 
amount that would be required to extinguish the largest probable fire that 
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could be started in a community. Knowledge of the community is 
necessary to fix this figure. A minimum of four fire streams available at 
all points within the district protected is desirable. Such streams should 
each throw at least 175 g.p.m. In rating a public water supply the 
National Board of Fire Underwriters fixes the required fire flow with 
respect to the population and the general *struetural condition of the 
district. The requirements vary between 1,000 g.p.m. for 1,000 persons 
to 12,000 g.p.m. for 200,000 persons. There must be enough water to 
care for a 10-hr. fire at not less than 20 p.s.i. pressure at the hydrant w ith 
allowance for possible broken pipes.‘ Even these rates are not so high as 
those demanded by a conflagration like that at Salem, Mass., in 1914. 
Here a city of about 50,000 population needed about 17,000 g.p.m. for 
about 14 hr. 

Various authorities have made recommendations concerning the 
proper allowance for peak fire demand when designing a waterw^orks 
system. Tliesc' recommendations are shown in Table 20. 


Table 20.—Kmpirical Formulas for Rates of Fire Demand 


Name of originator or authority 

Formula: 

Q = (i(unand in gallons p(*r 
minute 

I* ~ po])ulatioii in thousands 

Clallons 
per min\ite 
for 100,000 
popidation 

Kui(*hliiig (on basis of fire streams of 
250 g.p.m). 

Q = 700 

7,000 

Frecunan, John R. 

Q = 250 (^ + lo) 

7,500 

National Board of Fire rnderwriteus 

Q = 1,020 (1 - 0.01 ^ P) 

0,180 


The capacities of pumps and distributing mains are affected by the 
rate at which w^ater must be supplied to the fire. The capacities of 
reservoirs are fixed by the duration of the fire. In small cities a duration 
of 6 hr. is assumed, as suggested by Freeman. The National Board of 
Fire Underwriters recommends an allowance of 5 hr. for towns of less than 
2,500 population and 10 hr. for larger cities. 

66. Fluctuations in Rates of Demand. The maximum rate of usage of 
water varies greatly wdth the time over w^hich the rate is computed. The 
shorter the period of observation, the greater the deviation from the 
long-period average. Deviations of maximum rates from the annual 
average are indicated in general terms in Table 21. 

' See also (Joldsmitii, (\, “The Relation of Fire Proteetion Rp(iuirenients to the 
Distribution System of Small Towns,” Jovr. AAV.W.A., Vol. 12, p. 168, 1924. 
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Table 21. Average Rates of Demand for Varioits Periods of Time* 



Maximum rate as 

Per cent of aver- 

Period 

per cent of average* 

age day in 10 


annual rate 

American cities^ 

Annual, average. 

100 


Season, maximum. 

130 


Month, maximum. 

140 


Dav, maximum. 

150-180 

172 

Hour, maximum. 

2.50-350 

280 

Hour, minimum. 


70 


* From Kincaid, R. O., “Analyzing Distiitmtion H'a/rr Worku Euu., Mai. 22, 1944, p. 288. 

Seasonal rates in temperate climates are usually al)ov(j average in th(‘ 
summer and winter. In summer, water consumption is hif^h due to lawn 
watering, bathing, and cooling. In an int er it may }>e high due to waste of 
water to prevent freezing. Monthly rates in some AMassachussetts cities 
are shown in Table 22. Daily and hourly rates of demand are shown in 


Tablk 22.— (Consumption of Watkk omuno Diffijicnt Months^ 
(Averages for lO-yr. period in Ma.ssac‘hu8etts eitios) 


Month 

Annual 

average 

percentage 

Month 

Annual 

average 

percentage 

January. 

90 

July. 

124 

February. 

92 

August. 

ll8 

March. 

89 

September. 

108 

April. 

87 

October. 

96 

May. 

100 

November. 

90 

June. 

113 

December. 

92 


* Jour. New Engl. Water Works Assoc., Vol. 27, p. 86, 1913. 


Figs. 21 and 22. The highest pulilished rate of water use, exclusive of fire 
demand, occurred in Chicago in the summer of 1940^ when the rate for 
1 hr. was 492 gal. per capita per day, and for the maximum day 414 gal. 
per capita; although the total pumpage of 1,414 million gal. on Aug. 6, 
1947, is the highest daily pumpage recorded for the city. 

Hydrographs such as those shown in Figs. 21 and 22 show some of the 
habits of the water users. In general, rate of demand is the greatest 
during morning hours and on Monday. The lowest rate of usage falls on 

' “Chicago Water Demand Reaches All-time Peak,” M^ater Works Eng.^ Ang. 28, 
1940, p. 1098. 
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Fio. 21,—Deniaiid curve for week of July 12 to 18, 1986, at Toledo, Ohio. (Courtesy oj 
Burns and McDonnell Engineering Company.) 
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Sunday, the extreme minimum falling in the small hours of Monday 
morning. A hydrograph of water demand for Toledo, Ohio, representing 
a typical industrial city, is shown in Fig. 22. Typical fluctuations of rate 
of consumption in a small city are shown in Fig. 23. A typical weekly 
chart showing houriy variations at Springfield, Mass., is shown in Fig. 24.' 
A careful study of this figure will tell much concerning hourly and daily 
variations in demand. For example, the area under the curve when read 
in correct units represents the total flow between the hours observed. 



J i<» 23. Water demand rates, Middleton, Mass, population supplnnl, 1,000±. {From 
Watei Workf, Eiig . July 12, 1044, p S22 ) 

V typical (lomniul-chiratioii curve is shown in Fig. 25. Such a curve 
may Ix' used in a study of the duration ol time of various rates of demand 
over any period of time, such as a year. The curve shows, for example, 
that for 90 per cent of the year the rate of demand was less than 143 per 
cent of the average, and for 50 per cent of the year it was less than about 
96 per cent of the average rate of demand. 

66, Conditions Affecting Rate of Demand. Rates of water con¬ 
sumption are affected by the size of the community, its location, tlu' 
standards of living of the population, the pressure maintained on the 
distribution system, the quality and the cost of the water, the existence 
of sewers, the extent of the use of meters, and other factors. Kach of the 
factors is of considerable importance in determining the rate of w'atcr 

^From Richardson, C. G., '‘Moving Finger Shows Flow Rates at Springfield, 
Mass.,” Water Works Eng., July 28, 1943, p. 831. 
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consumption and, in an estimate of demand, should be considered 
independently. 

67. Population and Living Standards. Rates of water use as affected 
by population are stated on page 51. Rates of use in various classes of 
districts are shown in Table 23. 



Fia. 24.—Hourly variatioiih in rate of pumpinj;; for week of Mar. 17, 1943, at Springfield, 
Moss, liiiside curve represents week of Mar. 24, 1940, and outside curve represents week 
of Mar. 17, 1940. {From C. G. Richardson^ Waiir Works Eng., Jidy 28, 1943, p. 831.) 


68. Location and Climate. The per capita rate of water use in cities 
in the United States is higher than elsewhere in the world. Although 
wastefulness is probably a factor, the facilities for the use of water in 
American homes are more abundant, the pressure and quality of water is 
generally good, and standards of living are on a high level. When 
comparison is made between European and United States communities 
with similar characteristics the difference is not marked. For example, 
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Munich, with an excellent water supply, reported 54 gal. per capita per 
day as compared with San Francisco reporting 65 gal. per capita per day. 

Rates of use in cities in the northern part of the United States are 
greater than in cities of similar size in the South. This fact offers a clue 
to the difference between the rates of water consumption in Europ(*an and 
American cities. The temperature variations in northern Ignited States 
are greater than in the South and in Europe. During protracted hot 



Per Cent of Total Hours in Year 
Fig 25 —Dcinaiid-duraiion oiirve. 


periods, water is used for ganhms, lav ns, and cooling purposes, and during 
extremely cold weather it is allowed to run to avoid freezing. In cities 
where gardens and lav ns are watered, particularly in arid climates, as in 
parts of Colorado and the Southwest, tli(» Indian Punjab, and parts of 
South Africa, the rates of water consumption vill be large when compared 
with similar cities in districts with more ecjuable rainfall. In humid, 
tropical, insular climates, as at Havana, (^iba, the average annual rate of 
consumption of 80 gal per capita per day is lower than that in most cities 
of similar size in higher latitudes in the United States. 
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69. Character of District. Cities and districts of cities can be 
classified as industrial, commercial, and residential. Residential dis¬ 
tricts can be classified as high class, medium class, and poor and also 
according to the predominating racial or antecedent characteristics of the 
population. The characteristics of the district will be reflected in the 
rate of water consumption therein. The rates of consumption in different 
classes of districts are shown in Table 23. Those for domestic purposes 
will represent the consumption in residential districts. These districts 
can be classified and the rates of consumption in the different classes of 
districts studied. It is found that the standard of living materially affects 
the rate of water consumption. The standard of living in a district is 
indicated by the appearance of the homes and their siirr()undings and by 
the density of the population. The better the homes and the less dense 
the population, the greater is the rate of water consumption per capita. 

Tablk 23.— Rates of Water Demand for Domestic Consumption at New Haven 
(V)NN., IN 1037, Showing the Effect of the Character of the District^ 

Single-family houses Multiple-family houses 


(lallons per capita per day 


Economic siatuH 

No of 

Av(*rage 

Use, gal. 

_ 




houses 

pc*r 

per capita 

Two 

*rhree 

Four 



family* 

p(‘r day 

family 

family 

family 

Exc<*llcnt. 

290 

3.13 

125 

44.2 

41.6 

52.0 

Excellent. 

1(>2 

3.20 

85 

39.7 

42.2 

43.1 

Cood. 

66 

3.07 

55.7 

42.3 

51.2 

44.6 

Good . 

335 

3.77 

38.0 

27.5 

37.6 

27.0 

Fair. 

176 

2.92 

39.0 

1 37.0 

38.6 

45.9 

Fair . 

470 

3.82 

33.9 

31.0 

31.9 

36.7 

Poor. 

20 

4.34 

54.0 

34.2 

35.7 

29.3 


1 From Pond, M. A., “Uihun Doinostic Water Consumption,” Jour . A . W . W . A .^ December, 1930, 
p. 2003. 


60. Pressure and Quality. The rate of water consumption is 
increased when the pressure is increased. This is due to the greater loss 
through leaks and the greater amount run to waste through open faucets. 
Increases in rates of water consumption with increases in pressure have 
been known to reach 30 per cent for a change from 25 to 45 p.s.i. This 
fact should lead the designer to provide the lowest pressure that will give 
satisfactory service. Excess pressure means waste. 

The improvement of the quality of the public water supply will 
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result in an increase in water use due to the availability of the water for 
more uses and a feeling of safety on the part of the public using it. 

61. Intermittent Pumping. If water is supplied for less than 24 hr. 
daily in order to diminish the rate of consumption, the results are likely to 
be disappointing, and other evils are likely to develop. Waste is so 
greatly increased by an intermittent supply that the consumption of 
water may be greater than when it is supplied continuously. 

When water is supplied for less than 24 hr. per day, and the supply is 
not metered, it becomes the custom of the consumers to place receptacles 
under faucets and hydrants and to leave these services open during the 
time of nonsupply so that the receptacles may be tilled when the supply is 
turned on. The receptacles remain unat tended and, when filled, overflow 
to waste. Just before the resumption of supply is expected, the w'ater 
remaining in the receptacles will probably be thrown away in order to 
assure a fresh and clean supply in the receptacle. 

62. Air Conditioning. Water recjuiremenls for air-conditioning 
purposes can be calculated for individual installations, but it is difficult to 


Tabls 24.—^Average Consumption ov Water before ani av-i’bh tub Inthoduu- 

TioN Oh Sewers* 

((iallons p<T capita per day) 



* Report of Committee on Water Consumption Statistics and Records, Jour. Neu) Engl. Water 
Assoc., Vol. 27, p. 70, 1913. 


predict what the over-all future demand will be. Gayton^ predicted in 
1937 that within the next 20 years the demand for air conditioning in 
Chicago might reach a peak load of 300,000,000 gal. per day. 

^ Gayton, L. D., “Air Conditioning as a Problem of Water Distribution and Dis- 
posal,^^ Jour. A.W.W.A., Vol. 29, p. 808, 1937; and “Air Conditioning in the C'ity of 
Chicago,” Jour. A.W.W.A.^ Vol. 30, p. 892, 1938; H. E. BABBrn, “Developments in 
Water Works Practice,” Jour. A.W.W.A., Vol. 30, p. 454, 1938. 
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The demand for air-conditioning water is seasonal and is affected by 
the summer temperatures that prevail. In many installations the cooling 
water is derived from private wells; hence such systems do not directly 
create a demand on a municipal supply. 


Table 25.— Delation between Demand and Cost oj" Water* 


Percentage increase 

Peretailtag(* d(‘creuse in 

in cost 

rate of water consumption 

20 

13 

40 

22 

60 

29 

80 

35 . 

100 

40 


* Lkonard MfiTCAiiF, “Effect of Water Hates and Growth in Population upon per Capita Consump* 
tion,” Jour. A.W.W.A., Vol. 15, p. 1, 1926. 


63. Sewers. The effect of the installation of sewers in a district is to 
increase the rate of water consumption because of the increase in plumb¬ 
ing facilities, as indicated by the figures in Table 24. 

* Lewis, Logan L., Water Works & Sewerage^ May, 1937, p. 188. 
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64. Cost of Water. The rate of water consumption diminishes with 
increased cost of water. This is indicated by the figures in Table 25. 

66. Effect of Meters on Demand. It is common belief that the meter¬ 
ing of a water supply diminishes the demand for water. A diagram 
showing this effect is shown in Fig. 26. In unmetered communities, 
where water is paid for at a flat rate, there is no incentive to conserve 
water and more is used than is require^d. 

66. Policy of Metering. Arguments for and against metering some¬ 
times develop more heat than light. A summary of some points on each 
side of the question is presented in Table 26. 

Table 26.—Some Points for and against Mkterincj 
For Against 

1. It is only just that the consumer should 1. Liiuiti'd uso of water may r(‘Hult in un¬ 
pay in proportion to the amount he hygienic conditions and ilis(‘ase. 

uses 2. Meters cost money to buy, to install, 

2. Waste is diminished, resulting in tinan- to maintain, to read, partly defeating 

cial saving to all their o\^ n purpose 

3 The poor actually pay more through 3. Prc*ssure losses through imders are ap- 
taxes where meters are not us(*d preciable and add to pumping cost 

4. Ijoads on purification plants and 4. The poor suHcm more than the rich 

pumps, etc., are iiuniniized through water charges 

5. Waste surveys are easier to conduct; 5. ('onsumer resimts stand-by charge 

leaks are more easily found mad(‘ wh(‘n meter shows no water used 

6. Most privately owned waterworks ar(‘ 6. The use on gardens is diminished, 

100 per cent metered^ affecting economy and appearence of 

7 The careful consun ei benefits, the community 

careless consunuT is penalized 7. Meter mon(*y might better be spcMit on 

waterworlvs improvement 
8. Waste can be rnon‘ economically 
che<*ked by inspection than by imder 

* It ia in Nfvatla f{)r a pri\ate ciinipan^ to wU watfi by inoli'r. (See Water Works Eng,, 

IVli. 2«. IIMI, j) 211.) 

The argument that meters require prtAssure for their operation is 
valid. Specifications of the A.meriean Water Works Association for cold- 
water meters permit a head loss of 20 p.s.i. at rat(‘d capacity. Tests^ 
show the head loss to vary approximately as the square of the rate of flow 
through the meter. If the cost of pumping water and the amount of 
water used through a meter are known, the cost of opcTating the meter 
can be computed approximately. The argument that meters are costly 
is likewise valid. In 1940, a % in. meter cost $12 to $18 installed. 

Waterworks engineers generally favor the metering of water supplies 
where total cost of the waterwx)rks is an important factor and the quantity 
of water available at the source is limited. 

' Water Meters Should Be Selected with More Care,” Eng. News-Record^ Dec. 
12, 1918, p. 1074; and Garratt, J. E., “Testing Water Meters in Series,” Jour. 
A.W.W.A., Vol. 8, pp. 127 and 130, 1921. 



CHAPTER IV 


GROUND WATER 

67. Occurrence of Ground Water. A portion of tlie rain that falls on 
the ground percolates through it and fills the interstices of the sub¬ 
strata until the water appears again at the surface in the form of springs 
or other ground-water overflow. The factors affecting the amount of 
rainfall that may percolate into the ground include the amount and inten¬ 
sity of th(^ rainfall and its distribution, the topography and the permea¬ 
bility of the ground surface, and the water capacity of the ground. 

The surface of the ground water that is under atmospheric pressure is 
known as the ^'ground-water table.” Water may be held also in a 



Fio. 27. -Eolation ])ctween the ground-water table and tlie surface of the ground. 


pervious stratum under an impervious stratum, at a pressure greater than 
atmospheric. A water-bearing stratum is sometimes spoken of as an 
aquifer. The ground-water table does not remain constantly at the same 
elevation. It fluctuattis with the rainfall, temperature, barometric 
changes, tides, and the rate of pumping from wells. Practically all 
ground water is in motion. Hence its surface is not level, its slope 
depending on the imperviousness of the material and the rate of flow of 
water through it. The shape of the ground-water table follows, roughly, 
the topography of the ground-water surface, as shown in Fig. 27. A 
knowledge of the conditions under which ground water occurs and of the 
physical laws of the flow of ground water is essential to the successful 
development of ground-water supplies.^ In studying the subject of 
ground-water occurrence and use, the student should consult the appro¬ 
priate Wakr Supply Papers of the U.S. Geological Survey. 

' See also U.S. Geol. Surveyj 19th Ann. Kept. Part II, p. 381, 1897-1898; U.S. Geol. 
Surveyj Water Supply Paper 120, 1903; and II.S. Geol. Surveyy Water Supply Paper 67, 
1902. 


64 




GROUND WATER 


65 


68. Water-bearing Formations. Ground water occurs in three 
principal forms: (1) in buried river valleys or in the beds of ancient lakes, 
(2) in extensive sedimentary deposits such as occur under the prairies and 
Western plains in which the water may be held in porous rock or buried 
under pervious strata, and (3) in porous strata in which the resistance to 
flow together with the rate of percolation from the surface are sufficient to 
maintain a reservoir of ground water well above the elevation of the 
natural surface outlet. The occurrence of ground water in free-flowing 
underground streams, as in caverns in limestone districts, is rare but in 
some localities furnishes large (piantities of water. 

Sand and gravel are materials in which ground water is most com¬ 
monly found available for public water supplies. The porosity of natural 
sands or gravels may be as high as 30 to 35 per cent.* Ign(‘oiis rocks 
have a pore space of about 1 per cent; shale, 4 per cent; limeston(‘. abo\it 
5 per cent; American oolites, between 3 and 12 per cent, averaging about 
7 per cent; sandstones, 13 to 30 per cent; and some clays as high as 50 p(n* 
cent. In this connection it is necessary to distinguish between porosity 
and perviousness, for it is upon the latter that the availability of water 
from underground strata depends. Poronity is the v(<hirne of the pores of 
a substance. It is usually expressed as a perc(mtagc of its total volume. 
It represents the volume of Avater that the dry material will soak up. 
P(rvious?icss is the capacity of a substance to allow water to pass through 
it, which is equivalent to the water available for a supply. Although 
some clays may be 50 per cent porous, they may be practically imper¬ 
vious, whereas an igneous rock only ^ 2 fu 1 per cent porous may yield all 
of its Avater. Nearly all th(' porosity in coarse materials is available for 
water storage. Large cracks or channels in an underground stratum, 
through wLich water may flow', should not be confused with the pores and 
interstices of tlie material aaIucIi determine its perviousness. 

P(rmvahility and Irartsmissihilily express the relative ease with which 
water will floAV through a porous medium.^ The coefficient of permea¬ 
bility may be expressed as the gallons of w^ater which, in 1 day, wdll flow 
through 1 sep ft. cross-sectional area of the sample of material, wdien the 
hydraulic gradient is unity and the temperature is ()()°F. The coefficient 
of transmissibility is the gallons of water which, in 1 day, will flow^ through 
a vertical strip the heught of the aquifer and 1 ft. wdde, measured at right 
angles to the direction of flow^ when the hydraulic gradient is unity. The 
coefficients of permeability and of transmissibility are not usually equal 

'Smith, B., “Geological Aspects of Underground Water Supply,'’ Water and 
Water Eng., April, 1936, p. 223. 

*See also Suteb, Max, “Permeability and Transmissibility, What Are They?’ 
Illinois Well Driller^ Vol. 15, pp. 4, 13, 1946. 
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since the former is determined on a sample in the laboratory and the 
latter on the undisturbed aquifer in the field. Predictions of under¬ 
ground flow conditions based on transmissibility may, therefore, be 
expected to be more dependable. 

Water tables are fairly easy to define and locate in the comparatively 
unaltered stratified rocks, but they are by no means so easy to determine 
in those impervious or relatively impervious rocks that are exemplified by 
the more ancient strata of this country. These early strata include 
metamorphic rocks such as schists and those possessing a slaty cleavage. 
If the rocks of this type are highly jointed, however, the water filling the 
fissures may rise to about the same general level over a wide area and so 
give an approximation to a water table. 

The size of the sand grain has no relation to the amount of available 
water stored, but coars(‘-grained sand delivers its water to a well with less 



loa. 28. A spring resulting from an*overflow of the ground-water table. 


trouble than fine-grained material. Sandstones are us(‘(l as sources of 
large watcT supplies, particularly in artesian areas, where th(' deep-lying 
sandstones contain water under pressure. The most common material 
in which ground water is encountered is h7l, a mixture of clay, sand, 
gravel, and boidders. It may hold large quantities of water and serve as 
a very satisfactory source of supply. Clay, shale, granite, and gneiss are 
almost impervious to water, and wells sunk in such material cannot be 
expected to yield large quantities. Limestone is not highly porous, but 
it contains caverns and channels which may hold large quantities of water. 
Water in rocks may carry pollution to some distance through cracks and 
interstices too large to serve as filters. 

69. Springs. Ground water reappears at the surface in three different 
types of springs. The first results from an overflow of the ground-water 
table, as shown in Fig. 28. The second results from the encountering of 
an outcropping impervious stratum by percolating water, as shown in 
Fig. 29. The third results from the escape, at the surface, of percolating 
water which has bee n held under pressure beneath an impervious stratum. 
This is known as an artesian spring, and the type is illustrated in Fig. 30. 
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The greatest amount of water and the greatest certainty of con¬ 
tinuous flow from springs of the first type can be secured by constructing 
a cutoff trench along a contour at or near the point of appearance of the 
spring. The deeper the trench, the greater the certainty of continuous 



Fig. 29.—A spring resulting from an outcropping of an impervious material. 


flow, as the saturated f^round above the trench bottom will act as an 
impounding reservoir to compensate for the fluctuations of the ground- 
water table. A trench, or infiltration gallery, to serve such a purpose is 
shown in Fig. 31. 



Fig. 30.—Conditions resulting in an artesian spring. 


Springs of the second type, shown in Fig. 29, occur more frequently 
than other types of springs. Because of the relatively small amount of 
underground storage available, the flow from them is uncertain and 
likely to cease after prolonged drought. Such springs are best developed 
by the construction of a cutoff trench. There is no advantage in con- 
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Htructing the bottom of the trench below the surface of the impervious 
stratum, as no more water will be secured in this manner. 

Artesian springs usually have a large tributary watershed at some 
distance from the spring, and the water may appear under pressure. The 
amount of water available in such springs is usually large, and the flow 
may be slightly increased by removing obstructions from the mouth of the 
spring. Extensive artesian areas exist on all continents. Large flowing 
fresh-water springs«have been discovered miles out in the Atlantic. The 



Fio. 31.—Typical section of filter gallery, Des Moines, Iowa. {From Public Works, Vol. 66, 

p. 332, 1924.) 

artesian wells of the Dakotas are noted for their high pressures which 
have reached 250 p.s.i. at the surface in some wells. 

Springs of great magnitude issue from various kinds of rocks. O. E. 
JMeinzer has classified springs according to the rate of discharge from 
them, as shown in Table 27. Of 05 springs of the first magnitude in the 
United States, 37 issue from volcanic rock and from gravel, 24 from lime¬ 
stone, 3 from sandstone, and 1 from a lake bed overlying volcanic rock.^ 
Possibly the largest spring in the world, based on the maximum rate of 
flow, is the famous Fontaine de Vaucluse in France. It has a maximum 
discharge of 5,300 c.f.s. and an average flow of 800 c.f.s. 

The reverse action to the appearance of a spring is the disappearance 
into the ground of a surface stream. This phenomenon appears most 
commonly in limestone regions and in sandy areas. A large part of the 

' U.S. GeoL Surveyj Water Supply Paper 657, 1927. 
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Colorado River disappears into the sand of its delta. The course of the 
I^sse River in Belgium can be followed through underground caverns for a 
long distance in the famous Grott de Han. Many instances of the 
phenomena of the appearance and disappearance of rivers can be cited. 

In regions where climatic, surface, and underground conditions are 
favorable the ground-water supply may be replenished during seasons of 
relatively high surface flow by flooding the ground surface and allowing 
the water to percolate into the ground.^ 

Table 27.— Proposed C'lassification of Springs According to Hate of DiscniARc.E 


Order of magnitude. 

1 

2 

3 

4 

Average rate of discharge.... 

100+ 

sec.-ft. 

10 to 100 
sec.-ft. 


100 to 448 
g.p.m. 

Order of magnitude. 

6 

6 


8 

Average rate of discharge.... 

10 to 100 

g.p.m. 

1 to 10 
g.p.m. 

J^tol 

gp.m. 

Less than 
1 pint per 
minute 


70. Velocity of Underground Flow. Velocity has components of 
both speed and direction. These are both measured by the use of dyes, 
soluble salts, and by electrical methods. In determining the direction of 
flow, dyes or salts are most suitable. The tracing reagent is placed in a 
central well at eciual distance from Avhich test Avells have been sunk. The 
direction of flow is the direction from the central well to the well in which 
the reagent was first detected. 

Fluorescein, uranine, and eosine are the dyes best suited to the 
purpose. PowdcM’ed fluorescein has a reddish-brown color; when dis¬ 
solved in A\ ater it ap})ears, by n^flected light, a brilliant green. One part 
in 40 million can be detected by the unaided eye; I part in 10 billion can be 
detected by colorimetric analysis in long glass tubes. The dye has the 
advantage that it is unaffected by clays and will travel a long distance 
without change of properties. 

Sodium chloride is used by placing it in the central well and making 
chemical analysers to determine the chloride content of the water in wells 
to which it is suspected the chloride is flowing. The method is not 
altogether satisfactory because, in long distances, the salt solution, whose 
specific gravity is higher than that of fresh water, sinks rapidly and may 

^ See Roper, H. M., “(Iround Water Replenishment by Surface Water Diffusion," 
Jour. A.W.W.A., February, 1939, p. 165. 
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not reach the down-grade points and also because of the diffusion of the 
salt solution.^ 

The electrical method is used mainly for the determination of the 
^ ^ speed of flow of underground water.^ 

B The electrical method is operated as 

follows: 

In Fig. 32, A is the casing of the 
upper well which acts as an electrode, 
B is an electrode in the lower well 

— -H- —insulated from the well casing, and C 

zrzi“ZL.*“_ ZLZllI and />, respectively, are a battery 

- — — —_ - J and an ammeter. E is a connec- 

^ ~ 21” ZZ ZZ casing of the lower well. 

r- j A- — zl'^ZZZ When connected for the test, a feeble 

L-—--current may be shown by the am- 

LI_I-I_ _ meter. A strong solution of an 

I-^--^ — — (‘lectrolyte is placed in the upper 

Kio. r<2.--l)iaKrain illuhtratiiig siirht- Well, and the time is noted. Periodic 

or’H n.otliod for dotorinining the velocity ol)servations of the ammeter and of 
of now of underground water. . i i i i 

th(‘ time are made and plotted. The 
appearance of the graph will be somewhat as shown in Fig. 33. In this 
figure the dist»ance AB represents the time of passage of the ground water 
from the upper to the lower well. The sudden deflect ion at B shows the 


- B- 


J'lo. ri2.--Diagram illuhtratiiig Slicht- 
or’n motliod for dptcrinining the velocity 
of flow of underground water. 



23466789 10 II It 1 234S6T89 

P.M. A.M. 

Fio. 33.--Curve obtained by Sliehter’s electrical method for determining the velocity of 
flow of underground water. 

final arrival of the electrolyte at the lower well. The point B should be 
taken at the point of inflection of the curve and not at the highest, or 

* Soo also Wenzkl, L. K., U.S, Geol. Survey, Water Supply Paper 679-A, p. 7, 1936. 
*Soe also Meinzer, O. E., Jour. A.TP.ir.A., April, 1935, p. 479; and Fiedler, A. 
G., U.S. Geol. Survey, Water Supply Paper 596-A, 1928. 
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maximum, point. If the point of inflection is taken, the effect of diffusion 
of the electrolyte will be nullified. 

71. Types of Wells. T^nderground water is usually brought to the 
surface by springs or wells. The following may be included among the 
various types of wells in use for water-supply sources: 

Gravity Well. A gravity well is a vertical, or approximately vertical, 
hole from the surface of the earth penetrating saturated underground 
material in which the surface of the water outside of and surrounding the 
well is at atmospheric pressure. 

Pressure Well. A pressure well, sometimes called an artesian well, is a 
vertical, or approximately vertical, hole from the surface of the earth, 
pavssing through an impervious stratum to pf^netrate an ac^uifer holding 
water under pressure greater than atmospheric. Hence, when the hole, 
or well, penetrates the aquifer, water tends to rise in the hole If the 
pressure is sufficient, the water will rise to the ground surface and the well 
will flow. It is to be noted that a flowing well is an artesian w^ell, but an 
artesian well is not, necessarily, a flowing w^ell. 

Gallery. A gallery is a horizontal, or approximately horizontal, 
tunnel or open ditch, through w'ater-bearing material. The tunnel type 
of gallery is sometimes called a horizontal well. (Conditions of flow into 
galleries are usually such that the surface of the underground water 
outside the gallery is exposed to atmospheric pressure. 

72. Well Problems. Among the engineering problems involved in 
coniK'ction with a well after its completion is the conduct of tests on 
which predictions of the characteristics and ))ehavior of the w'ell can be 
based; or it may be desired to specify the dimensions of a w^ll to give 
desired characteristics if constructed in known underground conditions. 
Such tests and predictions are based mainly on mathematical formulas, 
partly rational, partly empirical, giving only approximately correct results. 
The development of these formulas is based on an assumption of the 
conditions of underground flow. 

73. Conditions of Flow into Gravity Wells. Hypothetical under¬ 
ground conditions surrounding a gravity w^ell, in w hich the entire length 
of the w^ell exposed to the aquifer will admit water into the w^ell, are 
illustrated in Fig. 34. If a test hole is bored into the ground at any point 
in the same aquifer as the gravity well, before w^ater is withdrawn from 
the well, the water in the bore hole and in the well stand at the line AD, 
marked original w^ater surface,” w^hich is approximately horizontal. 
After w ater has been pumped from the well for some time, water w ill stand 
in the test bore holes, driven in a vertical plane passing through the axis 
of the well, at elevations along the line AB'C'D, marked ^^free-surface 
curve,” provided the bore holes were only just deep enough to reach the 
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free surface. It is to be expected that moisture would probably be found 
in the ground above the ‘‘original water surfaceand above the free 
surface, due to capillarity, retention, or other forces. The original water 



Ino. .‘M.— UndorKround conditions m fsnivitj well. 


surfac(‘ and the free surface mark only elevations at \\lii(*h ualer would he 
encountered in the w(*ll and in the bore holes. 

The free surface marks the boundaries of the “cone of depression. 
This is the space in the aejuifer from which water has been removed. 

The radius of the base of this cone, r, 
in Fig. 34, is known as the radius of 
the circle of influence. 41iis radius 
is a constant only when the rate of 
withdrawal from the wtII is ecjual to 
the rate of replenishment, unless the 
circle of influence reaches a fixed 
limit. This condition is illustrated 
in Fig. 35. The distance from the 
original water surface to the surface 
of W'ater in the w^ell is knoAvn as the 
drawdown. When replenishment of 

Fiq. 35.—W>ll with limited boundary. j i j- n 

the ground w^ater surrounding a well 

is at a rate less than the rate of withdrawing water from the well, the 

draw^down will increase with time. 

It is to be noted in Fig. 34 that the elevation of the w^ater surface in 
the well while it is being pumped lies at some distance below the free 
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surface outside and immediately adjacent to the well. The vertical 
surface, or face, of the ground forming the outside of the well hole that is 
exposed between the surface of water in the well and the free surface is 
known as the surface of seepage. 

74. Physical Laws of Underground Flow. The Cow of water through 
porous underground mediums is usually so slow, merely a few feet per day, 
that it occurs under conditions of stream-line, or noiiturbulent, flow in 
which the head loss due to friction varies directly as the velocity of flow. 

Table 28.— Velocity of Flow of Water in Sands of Various Effective Sizes of 
(Irains and the Maximum Flow or Transmission Constant for Each 

Sand^ 

(Porosity, 32 per cent temperature, 50°F.) 


Diameter 

of 

soil 

grain, 

Velocity in feet 
per day for a 
pressure gradi¬ 
ent of 

Kind 
of soil 

|l _ 

I Diameter 
of 

1 soil 
grain, 

Velocity in feet 
per day for a 
pressure gradi¬ 
ent of 

Kind 
of soil 

milli¬ 

meter 

1 : 1 

100 ft., 
per mile 

.... 

milli- 
1 meters 

1 

1 : 1 

1 

100 ft. 
per mile 


0.01 

0.163 

0.00381 


Ir 0.25 

102 

2 3n 

Medium 

0.04 

2 62 

0.0605 J 

iSllu 

1 0.45 

331 

7.47 / 

sand 

0.05 

4.08 

0.0922 1 

Very fine 

r 0.50 

408 

9.21'! 

Coarse 

0.09 

13.2 

0.298 J 

sand 

1 0.95 

1,470 

33.2 / 

sand 

0.10 

16.3 

0.369 'I 


/ 1.00 

1,630 

36 8 1 

Fine 

0.20 

65.4 

2.09 / 

Fine sand 

1 5.00 

40,800 

921 / 

gravel 


* Slichtkr, U.S. Gtol. Survei/. Wafer Supply » 157, p. 27, and 140, p. 1. 


Under those conditions Darcy’s law^ controls, and it can be stated that 


V = ks (1) 

and 

Q = kAsp (2) 


where V = velocity, ft. per day 

s — slope of hydraulic grade line, z.r., slope of ground-water table 
/r = a constant, determined by conditions of flow and units used 
A = cross-sectional area of aquifer 
p = permeability of water-bearing medium 
Hazen,^ in his study of the flow of water through slow sand filters, 
concluded that 



^ “Lcs Fontaines publiques de la ville de Dijon,1856. 

* Hazen, Allen, Mass. Slate Board of Health Rept.^ 1892, pp. 541, 553. 





Table 29.— Velocities of Flow of Underground Water as Computed from Hazen’s Formula 

(Feet per da\*) 

Effective size of sand in millimeters 
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Multiplier 
for values 
in Table 
30 

O *H fH CO 

Fine gravel 

8 

CO 

21,200 

29,500 

41,900 

69,600 

109,200 

2.00 

9,430 

13,100 

18,600 

30,900 

48,600 

1.50 

5,310 

7,380 

10,500 

17.400 

27.400 

1.00 

2,360 

3,281 

4,660 

7,740 

12,200 

0.80 

1,510 

2,100 

2,980 

4,960 

7,780 

^’erj' coarse 

090 

850 

1,181 

1,680 

2,790 

4,380 

0.50 

590 

820 

1,160 

1,935 

3,040 

o 

O 

0.40 

X»OiOO o 

CQ t>- CS O 

Me¬ 

dium 

0.30 

CSHOOi«pCS| 
tH Oa.-H OS 05 

Fine 

OZ 0 

94.3 

131 

186 

309 

486 

Veiy 

fine 

OT 0 

23.6 
32.8 

46.6 
77.4 

128 

Porosity 

66666 


where t = temperature, ®F. 

e = Hazen's effective size of sand^ 
Values of V are given in Tables 28, 29, 
and 30, for a temperature of 50®F., and 
for various values of the effective size. 
Ilazen states that the formula is not 
applicable to gravel of sizes greater than 
about 3.0 mm. 

76. Capacity of a Gravity Well. 

Under the conditions of flow illustrated 
in Fig. 34, characteristics or dimensions 
that are measurable in the field are 
Ky htoy and Q, where Q is the rate of 
pumping from the well. Characteristics 
affecting flow that cannot be measured 
under most field conditions include the 
porosity and perviousness of the aquifer, 
the size of the particles composing it, and 
the magnitude of 

An approximate formula has been 
developed, involving all the measurable 
terms, in addition to the term r^, by 
which it is possibh' to obtain approximate 
solutions to problems in connection with 
the flow of water into or from gravity 
wells. This is known as Dupuit’s for- 
mula.2 It was devised by Jules Dupuit, 
a French philosopher. His formula is 
based on assumptions of the conditions 
of underground flow that aproximate 

^ Hazen^s effective size of sand is defined as 
the size of grain in a sample of sand such that 
10 per cent, by eight, of the sample has grains 
smaller than this size. Th(' effective size is 
usually expressed in millimeters. To express, 
approximately, the distribution of grain sizes in 
sand Ilazen defined the uniformity coefficient as 
the ratio of the size of grain in the sample such 
that 60 per cent, by weight, of the sand has 
smaller grains, to the effective size. 

* Dupuit, J., Etudes theoriques et pratiques 
sur le mouvement des eaux,” Dunod, Paris, 
1863. 
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true conditions; therefore the results given by the formula may not be 
exact. Experience has shown that under most conditions the results 
given by the formula are of practical value. The formula is developed 
as follows: 

Table 30.— Velocities of Flow of Uni>ergrouni> Water* 

(The hydraulic grade line has a slope of 1:1, the temperature is 50°F., and the porosity 
in Sli(!hter’s formula is taken at 32 per cent) 


Effective 
size of 
sand, 
milli¬ 
meter 

Slichter 

Hasen 

Effective 
sise of 
sand, 
milli¬ 
meters 

Slichter 

Haten 

Inches 

per 

minute 

Feet 

per 

day 

Meters 

per 

day 

Feet 

per 

day 

Inches 

per 

minute 

Feet 

per 

day 

Meters 

per 

day 

Feet 

per 

day 

O.Ol 

0.0014 

0.16 

0.1 

■E'! 

0.35 

1.67 

200 

122 5 

402 

0.02 

0.0054 

0.65 

0.4 

Bi 

0.40 

2.18 

261 

160 

525 

0.03 

0.0122 

1.46 

0.9 

Kill 

0.45 

2.76 

331 

202.5 

665 

0.04 

0.0218 

2.62 

1.6 

5.25 

0.50 

3.40 

408 

250 

820 

0.05 

0.0330 

4.08 

2.5 

8.20 

0.55 

4.12 

507 

302.5 

992 

0.06 

0.0490 

5.88 

3.6 

11.8 

0.60 

4.90 

588 

360 

1,181 

0.07 

0.0667 

8.00 

4.9 

16.1 

0.65 

5.75 

690 

422 5 

1,385 

0.08 

0.0871 

10.5 

6.4 

21.0 

0.70 

6.67 

800 

490 

1,608 

0.09 

0.1103 

13.2 

8.1 

26.6 

0.75 

7.66 

919 

562.5 

1,845 

0.10 

0.1361 

16.3 

■MW 

32.808 

0.80 

8.71 

1,046 

640 

2,100 

0.12 

0.1961 

23.5 

14.4 

47.2 

0.85 

9.84 

1,180 

722.5 


0.14 

0.2668 

32.0 

19.6 

64.3 

0.90 

11.0 

1,324 

810 ! 

K ill 

0.15 

0.3063 

36.8 

22.5 

73.8 

0.95 

12.3 

1»470 

902.5 


0.16 

0.3485 

41.8 

25.6 

84.0 

1.00 

13.6 

1,630 


BB 

0.18 

0.4412 

52.9 

32.4 

106 

2.00 

54.5 

6,535 



0.20 

0.5446 

65.4 

40 

131 

3 00 

122 

14,700 


29,527 

0.25 

0.8509 

102 

62.5 

205 

4.00 

218 

26,136 



0.30 

1.225 

147 

90 

295 

5.00 

340 

40,800 



^ iiluee of 










k in the 










expression 


i 








v-=kd^. .. 

13.61 

1,6.33 

1,000 

3,281 


13.61 

1,633 

1,000 

3,281 


* The velocities determined by Hazon and Slichter are not comparable due to differences in condi¬ 
tions of the experiments from which their respective formulas w'cre determined and also to differences 
in the determination of efTeclive size. 


The rate of flow of underground water, as shown in formula (2), is 


Q = kAsp 


It is assumed that the direction of flow of ground water is horizontal and 
that it flows radially toward the center of the well shown in Fig. 34; then 

A = 2irrxhx 

and 


Q = 2Tkrxhx8p 


dhx 

dr. 


but 
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hence 

or 

integrating 
when Tt = n, 
whence 
and 

t ransposing 


Q = 2'!rkrxhxP 


dhx 

drx 


Q — = 2TkpK dh, 

Tx 

Q log. Vx = irkphx^ + C 
hx = A. 

C = Q log. Te — Tkphe^ 

Q log.. Tx = Trkphx' + Q log, r, — irkphe^ 
hr - //x- 


but, when r, = r«, 
then 


Q = irkp 


hx — h„ 


Q = irkp 


log. (r^/rx) 


hr - 

log. (r,/r„,) 


If K = 2 440'' taken from Tables 28, 

20, and 30; and Q is expressed in gallons per minute; then 


/\ _ hr _ hy^ 

^log (/v/r„,) 


(4) 


The curve, or graph, resulting from the plotting of Dupuit's formula 
[lorrnula (4)] produces the pressure" curve, line A BCD in Fig. 34. It 
do(‘s not coincide with the actual underground water surface, that is the 
free surface. The ditference between the two curves is a measure of the 
approximation of the results given by the use of Dupuit’s formula. It has 
been found in practice that the approximations involved in the use of 
Dupuit's formula generally give results of practical value. The greater 
approximations occur in gravity wells where the drawdown is a large 
proportion of the well depth. 

76. The Free-surface Curve. The free surface of the water in the 
cone of depression surrounding a well that is being pumped is the surface 
of the water that is under atmospheric pressure. It is the surface at 
which underground water would be encountered in a bore hole or test well 
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adjacent to a well being pumped. It is to be noted that it does not coin¬ 
cide with Dupuit^s ^‘base pressure curve.’* 

The equation of the free surface has been expressed as^ 

^ _ ‘i(‘1chp(^he hx^ 

“ 2.3C71o^: r./0.l7O 

in which values of /r, in feet per day, may be taken from Tables 28, 29, and 
30, Cx i? a constant, to be taken from Fig. 30, and other nomenclature is 
shown in Fig. 34. 



Values of r*/r<. 

Fig. Values of Cx to ho used in Eq. (5) 


77. Relation between — hw, and r^. Dupuit’s formula can be 

rewritten as 


Q = k 


{hr hu'){hr ~f" hw') 
logc (re/rv,) 


(r>) 


In order that the value of 7\ may be a constant, the area of replenishnu'iit 
for horizontal underground flow must be large enough so that the ral(* of 
replenishment is equal to Q. Hence it may be assumed tliat 


r. = CQ 


(7) 


It is evident that where (h, — K,) is small compar(‘d witli {h, -f- h,,) the 
value of Q varies approximately as {h, — K,), since the values of log r, vary 
but slightly with values of Q. The straight-line relationship between 
Q and {h, — ku,) is more exact for pressure wells, iK'cause of the form of 
Eq. (13), page 80. 

78. Partial Penetration. If a well does not penetrate to the bottom of 
the aquifer, the formula for full penetration is not applicable. Kozeny^ 

^ From Babbitt, H. E., and D. 11. Caldi^ell, *‘The Free Surface around, and the 
Interference between, Gravity Wells,’^ Univ. ///., Eng. Expt. Sia., Bull. 374, 1948. 

® Kozenv, J., Wasserkraft u. Wassermrtschafl, Vol. 28, p. 101, 1933. 
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has found that the expression of flow into a partially penetrating well is 


0 = 


kihe^ - hj) 
log {r,/ru) 



(8) 


where P = K/h 

h = thickness of acpiifer, he h 

In using this expression the penetration must be known. It may be found 
by test borings or from logs of adjacent wells. If the penetration is small, 
even a rough estimate of it introduces but little error into the corrected 



Fkj. 37.- -Conditions when well Is not in middle of field of influence. 


value of Q since for small valiUNs of 7^ the term cos7r7^/2 is v(‘ry n(‘arly 
equal to unity. 

79. Area of Influence. The area of influence surrounding a gravity 
well in a sloping watcu* table is not necessarily circular, and the well is not 
in the center^’ of the area, as indicated in Fig. 37. It has been shown })y 
Muskat* that for an appreciably noncircular area the expression 


2.3 log. (C/r.) 


(9) 


may bo used to compute the flow into such a well, using for C an approx¬ 
imate average of the distances from the well to the boundary. The effect 
of the displacement of the well from the ‘‘center’^ of the area of influence 
may be neglected for displacements up to 50 per cent of the value of re. 

80. Drawdown and Recovery Curves. The drawdown curve may be 
deflned as a curve representing the decline of the water level in a well 
during pumping. A recovery curve represents the recovery of the water 
level in a well after pumping has stopped. The coordinates of both 
curves are time and drawdown. A typical drawdown-recovery curve is 
based on the application of the expression-^ 

' Muskat, M., “Flow of Homogeneous Fluids through Porous Media,“ McGraw- 
Hill Book G)mpany, Inc., N.V., 1937. 

* Caldwell, D. H., “The Hydraulics of Gravity Flow of Water Wells,” Thesis, 
University of Illinois, 1943. 
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in which T is time, in hours, to develop the radius r^.;/is the specific yield 
of the material, t.e., the ratio of the amount of fluid t>iat will drain from a 
saturated material to the volume (►{ the material; and Q is the flow, in 
cubic feet per second; and on the expression 

in which do is the drawdown in the well, in feet, and ro is the radius of the 
circle of influence, in feet, corresponding to this value of do. 



Fi(i. 38.-- Drawdown-recovery curve. {From D. //. Caldwell^ “ The Hydraulics oj Uraoity 
Flow of Water Wells," Thesis, University of Illinois, 1943.) 

The drawdoAvn of the base pressure curve at any other point, expressed 
as may be determined by replacing r„, by rx, where r, is the distance 
from the well center to the point in question. If this distance is approxi¬ 
mately equal to or greatei’ than the thickness of the aquifer, the drawdown 
will be very nearly equal to the drawdown of the free surface. 

81. Dupuit’s Formula for Flow into a Gallery. The hypothetical 
conditions of flow into a gallery, or a line of wells closely spaced, arc 
illustrated in Fig. 39. Following the form of the derivation of Dupuit’s 
formula for flow into a gravity wtU and starting with the expression 

Q = kAnj) 

the value of Ay for a unit length of one side of the gallery, is found to be 
Ax* Substituting and integrating, as before, it is found that the rate of 
flow per unit length of one side of the gallery is 

- hj 
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82. Dupuit^s Formula for Flow into a Pressure Well. The hypotheti¬ 
cal conditions of flow into a pressure, or artesian, well are illustrated in 
Fig. 40. Following the form of the derivation of Dupuit's formula for 


Ground surface 
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To express the rate of recovery in a pressure well Slichter' devised the 

expression 

7’ = A'log^; (14) 


where T = time for water level to rise from to y\ 

X = a constant for the well and units used 

T/o = drawdown in the well at any time after pumping has stopped 
yi = drawdown in the well at a time T after observation of the 
depth ?/,) 

This is an approximate expression only, as it is based on the assumption 
that the radius of the circle of influence remains constant during the 
period of recovery. For the relatively small drawdowns in artesian wells, 
as compared with the depth of the w’ell, the solutions obtain(*d by the 
use of the formula are of practical value It is undesirable to use the 
formula wdiere the drawdowm is a large proportion of the total depth of 
the well. 

84. Interference between Wells. If tAvo or more wells are located so 
that their cones of depression intersect, they are said to interfere; the 
•imoiint of interference in any well being represented by the ratio of the 
dimunition of flow from the well to the total flow’ from the w’ell without 
interference. Muskat^ has proposed formulas for the computation of 
interference effects that are based on logical analysis. Tests made on a 
laboratory scale at the T^niversity of Illinois^ have indicated that the 
results from Muskat’s formulas are in close agreement with field obser¬ 
vations. Some of Muskat’s formulas are as follow’s: 

For two interfering wells, a distance W apart 


Qi — Q'i — 


mr - hj) 

log (reVrulF) 


(15) 


For three wells in a straight line, a distance w apart 
Outer wtHs 

_ K{hr^ - hj) log (ir/rj 

“ 2 log {R/W) log (IF/r.) + log {\V/2r^) log (R/W) 

Middle w’ell 


K{hr^ - hj) log i\V/2r^) 

2 log {R/W) log {W/r^) + log {W/2r^) log {R/r^) 


(lOj 

(17) 


wiiere R = effective radius of influence 

The conditions of interference between pressure (artesian) wells has 

^ U.S. Geol. Syrvey, Water Supply Paper 10, 11)05. 

^ Mt'skat, M , loc . cit . 

3 Babbitt, and Caldwell, loc cit . 
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been expressed by Balch,^ based on work by Slichter, as 


O 2 = k 
Q, = k 


kf At/i 

log {2lrJ + PrJ) - log [re^{l + Ve)^] 

hg h i/» 

I^(7/+Z2)r;j ~ lo'g (/VV) 


( 18 ) 

( 19 ) 


where Q2 = flow into one of a pair of wells I distance apart 

Qs = flow into a single well in a group of three or more wells 
eciuidistant I from each other 


86. Examples. Problnn 1. A gravity-type well is 24 in. in cliameicr. When it 
is being pumped at 500 g.p.m., th(‘ drawdown in a well 50 ft. away is 10 ft., and in 
another well 100 ft. away it is 3 ft. The well penedrates the aquifer, giving a depth of 
W'ater in the W(‘ll, when not being pumped, of 100 ft. (a) What is the drawdown in 
the well? (6) What is the specific capacity of the well? (c) A\"hat is the maxinium 
r ate at which water can he pumped from the well?, (d) What would be the drawdown 
for a dischaige of 300 g.p.m.? Sf)lve by the use of Dupuit’s formula and the use of the 
free-Hurfacc curve, and discuss the comparative nwdts. 

^ , 100* - 902 , 1002 _ 972 


1. Solve for r<,. 
Therefore 


log 


log (re/bid 


- k 


log (r./lOO) 


10 X 190(log r, - 2) = 3 X 197aog r* ~ 1.7) and re = 137 ft. 


2 . 

3. 


Solve for in tin* (‘xpression R = CQ. 
Solv(* for A*. 500 “^* 21 30 — iJ ~ 


c - ^■^^500 
3 X 197 
2.130 - 2.0 


0.274. 


_ 500 X 0.430 _ 500 X 0.130 _ ^ 

1,900 " (3^(197) 

4. Solve i)art (a) by substilution in Ihipuit’s formula 

500 == 0.115 hx = 20; Drawdown = 100 — 26 == 74 ft. 

log (‘ ' 1 ; 

5 . Kor part (6), mmihtrly, Q = 0.115 27V/^ 

By trial and error Q = 27 g.p.m. 

1002 

6. Kor part (r), similarly, Q = 0.115 2741,1'1) 

By trial and error Q = 535 g.jJ.in. 

7. Bor part (d), similarly, 

100* — * 

300 » 0.115, ~ O ; ks = 71 ft. Drawdown = 100 - 71 = 29 ft. 
log \oZ.Z/ 1) 

Now solve by the use of the free-surface formula. 

1. Kind value of r, by trial and error. A.ssume r< = 150 ft. Then when 
r^/fr - *’^150 ““ 0.33, Cx (Kig. 36) = 0.14; and when r^/r, = = 0.67, Cx 

(Fig. 36) - 0.05. 

» Sec Jmir. A.IK.IK.A., June, 1930, p. 727. 
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Substituting in formula (5) 

rt(100)(100 - 90) _ jrJl(100)(100 - 97) . 

2.3 X 0.14 log (isjfo) 2.3 X 0.05 log (,i5«io) ® ® 

Assume r, - 133 ft. Then when ri/r, = 0.385, Cx = 0.1163, and Avhen r, r, = 0.770, 
r, = 0.033. 

Substituting in tho formula, 0.35 = 0.36, a satisfactorj- r(‘sult. 


2. Find value* of k, 

Ttkm X 10 


500 = 


Conclusion re = 133 ft. 

ttA'IOO X 3 


2.3 X 0.12 log 2.3 X 0.035 X 1.124 


and k = 0.040 


3. To solve part (a): find Cx when r«/r^ = = 0.0075. Th(>n = 0.525. 

Substituting in the* formula 

^ ^ 2.3 X 0.525 X 1.125 - fd.S ft. 


I. To solve part (h): Note that discharge varies dir(‘(“tl> as drawdown (he - hu) 
lienee, (/?* — /»«) ~ 500/43 8 = 11.4 g.p.m. 

It is to be noted that this ^^drawdowiC’ re'fers to the surface of the water in the 
ground iininedintely adjacent to the well, and not 1o the suilace of the water in the 
well. 

5. To solve part (r): The equation of the free surface giv(‘.s insiiflicient information 
to permit its use in solving this problem. A hv])oth(‘tical solution can be obtained 
by Oupiiit’s formula. 

6. To solv(* part (d): rroc(‘(*d as in the solution of part (b). 

Ar — /fx = II = 2h.3 ft. 


Problem 2. A gravity-type well is 12 in. in diameter and dis(*harg(*s 150 g.p.m. 
with a drawdown of 10 ft. and 500g.p.m. A^ith adrawdown of 50 ft. The static d(*pth 
of w’ater in the well is 150 ft. AMiat wull be the discharge from tin* well for a draw^- 
down of 20 ft.? 

Solution: lly Hupuit’s formula. 


Solving 


Then 


150 = K 


10 X 290 



500 = K 


50 X 250 



C 

K 


0.12 


500 log 120 
12,500 


= 0.085 


Q 


0.085 


20 X 280 
log (0.l2g/0.5) 


and by trial and error 


Q = 264 g.p.m. 



CHAPTER V 

LOCATION, CONSTRUCTION, AND MAINTENANCE OF WELLS 

86. Location of Wells. In a region where the ground-water table is 
high and the underground strata are pervious, shallow wells of moderate 
capacity may be located at almost any convenient site. Such conditions 
exist in most regions of plentiful rainfall. However, the location of a deep, 
high-capacity well, such as is required for a public water supply, may 
require either exploratory prospecting or the application of the principles 
of underground flow, as described in Sec. 74, to a knowledge of the geology 
of the region and to a study of the characteristics of existing wells in the 
field, or to test holes sunk in the field. By exploratory prospecting is 
meant the drilling and test pumping of test wells to determine the direc¬ 
tion of underground flow and possibly the limits of the field of under¬ 
ground water. 

Wells may be successfully located where a study of geologic conditions 
indicates the presence of saturated strata. Valleys of surface or buried 
rivers offer the most promising location for wells, but underground water 
may be found on a mountain where there is still liigher land to serve as a 
watershed and pervious strata to hold the water. Surface indications 
seldom give any inkling of tlic presence of artesian water, so that an 
artesian well must be located as a resuli of investigation or of previous 
knowledge of local conditions. 

The existence of water in porous material at or above the lev(4 of a 
near-by surface stream that flows through the material can usually be 
depended upon. The farther the point is from the surface stream, the 
higher the elevation at which water will probably be found. The prin¬ 
cipal difficulty in locating a well arises from the location of the porous 
stratum. The porous stratum may rise and fall in an unexpected and 
inexplicable fashion; there may be faults in the subst rata so that a dry w ell 
may be located close to a well giving a good yield. When a ell is located 
iu*ar a stream, the water will enter the A\ell from the surrounding ground 
and not from the stream, unless the radius of the circle of influence is 
large enough to include the surface of the stream. 

Where the information on geology and existing wells is meager, helpful 
information may be obtained through scientific instruments applied in 
underground siirveys and in geophysical prospecting.^ Such prospecting- 

'See also Keij.y, S. F., “Engineering Use of (Jeophysies,” Civil Eng ^ Oetober, 
1932, p. 628. 

* See also Hrttcksha>\, J. McG., “(ieophysieal Prospecting and Water Supply 
Problems,” Water and \Vater Eng.^ September, 1946, p. 507. 

84 



LOCATION, CONSTRUCTION, AND MAINTENANCE OF WELLS 86 

depends on the speed and manner in which underground strata of different 
characteristics convey sound waves or electric currents. 

In the seismic method of geophysical prospecting, sound waves, or 
stress waves, are propagated at or slightly below the ground surface by 
means of an explosion, usually of a few sticks of dynamite. These w aves 
spread through the earth from the explosion as a center. The greater the 
density of the underground strata, the greater the speed of the waves. 
Some waves are reflected when encountering denser strata and return to 
the surface where sensitive instruments, attuned to sele(*t certain reflected 
waves, supply a record from w^hich profil(‘> of uriderground strata can be 
drawn. These profiles may l>e useful in indicating the location of water¬ 
bearing strata. 

The resistivity method of geophysical prospc^ctiug depends 4)n the 
resistance of underground strata to the flow of an electric curreni tfirough 
them. The presence of water in the ground may reduce its resistance. 
A study of the electrical currents flowing underground may indicate the 
location of water-bearing strata. 

Relatively little experience wdth geophysical prosp(‘ctiug is report (‘d in 
technical publications in the waterwwks field, most of the practical 
applications having been made in the search for oil. 

C^are should be taken not to locate w^ells in a region where the quality 
of the water w'ill be endangered by surface drainage or by the existence of 
drainage wells used for underground disposal of waste waiters or in a 
region in which the top of the well may be flooded by impure surface* 
w^ater. All wells, particularly shallow dug wells, should be located at a 
safe distance from sources of pollution. In homogem^ous materials, sucli 
as sand or gravel, a minimum distance of 250 ft. is recommended betw^een 
the well and a source of pollution, such, for example, as a privy vault. 
In some cases 100 ft. is permitted. Local conditions must control. No 
fixed distance for all situations can l>e assuredly snf(. 

87. Grouping of Wells. Grouping of numerous wells in a w^ell field 
depends on the type of aquifer from which the water is drawm, the area of 
land under the control of the w^aterworks, the rate at wdiich the wells are 
to be pumped, and possibly other conditions. In order to obtain the 
greatest amount of water available from a limited area in which the wells 
penetrate an underground reservoir from which water may be drawm from 
all directions, some interference between wells is necessary. The 
minimum amount of interference that is economical is fixed by the cost of 
piping to bring the w^ater from the wells to a central point and by the cost 
of powder transmission to the wells. Interior wells in a group that pene¬ 
trates an underground reservoir should be further apart than exterior 
w^ells in the group because of the greater effect of interference between 
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Mich interior wells. A number of wells penetrating an underground 
stream with distinct channel and direction of flow should be placed in a 
line transverse to the stream and near enough together to minimize costs 
and, at the same time, avoid excessive interference. Successive rows oi 
wells can be placed downstream to increase the volume of water available 
from the underground str(‘am, but the specific capacity of such wells will 
decrease downstream when upstream wells are being pumped. In order 
to avoid uneconomical interference, the distance between rows of wells 
downstn*am should increase progressively. The economical spacing 
between wells in any field and group can be determined only by experience 
in that field. 

In gcTKTal, wells pumped l)y suction should be close together, and the 
suction line should be free from turns and obstructions to minimize head 
losses, since t he available suction head is usually low. Leakage of air into 
the suction line is difficult to avoid. This air, combined with gases 
released from solution by the lowered pressure, causes trouble in drawing 
water from the Avells. 

Wlum locating wells near property lines, it should be borne in mind 
that if water is taken from beneath neighboring property to the injury of 
its owner, damage's can lx* recovered therefor. The ^\aterworks admin¬ 
istration should be able to demonstrate that the circle of influence of the 
wat(‘rworks wells could not have passed beyond the wat(*rworks property. 

88. Legal Restrictions on Well Construction. Four states, Wisconsin, 
Montana, Utah, and New ^"ork, have lavs affecting the construction of 
wells, and the trend seems to be toward further legal safeguards of veil 
construction, dlie Ncav York law refers only to counties on Long Island. 
The other states reciuire the licensing of veil drillei’s and require that 
certain information he furnished concerning the construction of the vtII. 
Legal restrictions on the use of ground vater seem necessary to conserve 
the diminishing supply in many areas.^ Legal bases for such restrictions 
are outlined in Sec. 7. 

89. Types of Well Construction. Wells may be classified according to 
the method of construction as dug, bored, driven, jetted, or drilled. The 
first three are commonly confined to relatively shalhnv wells not ordinarily 
used for large water supplies; although in a few instances large dug wells^ 
have Ix'en construct (*d for large users. Some methods for the protection 
of small wells against surface contamination are illustrated in Fig. 41. 
The jetting process has been used in sinking both shallov' and deep wells, 
but for the sinking of the deepest wells drilling is used almost exclusively. 

* St'e also Tolman, C. F., and A. C. Stiff, ‘^Analysis of Legal (incepts of Sub- 
flow and Percolating Filters,” Traua A.S.C.E., Vol. 106, p. 882, 1941. 

*See Coe, C. B., “Large Water Supply Well Sunk by Open Caisson Method,” 
Eng. News-Record, Vol. 79, p. 460, 1917. 
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Artesian wells are almost all drilled wells. Care should be observed in 
their construction not to penetrate into the artesian aquifer until the hole 
has been cased and grouted to prevent the loss of water into other strata. 

Fentative specihcations for the construction of deep wells have been 
adopted by the American Water Works Association.’ Four of the eleven 
types of wells described in the specifications are illustrated in Figs. 42 and 
55. It is generally recommended that the method of sinking a well be 
left to the contractor unless the writer of the specifications knows that a 
particular method will give superior results. 



J'lu. 41.—Methods of well construction. Recommended hv the US. Public Health 
Service. (Public Health Rtport Htpiinl 1924 ) 

90. Dug, Bored, and Driven Wells. Dug wells are commonly 
excavated by hand tools, the excavator descending into the well as the 
excavation progresses. Where the vails of the veil will not stand with¬ 
out support they are lined, or ^Vurbed,’' usually with a watertight lining 
near the surface to exclude polluted surface water and with a pervious 
lining near the bottom to admit ground Avater. Dug wells are commonly 
constructed 3 to 4 ft. in diameter and to depths of 30 to 100 ft., although 
deeper dug wells are in existence. 

Wells are sometimes constructed by driving, or pulling, an open-end 
casing into the ground and removing the material l:>y boring, drilling, sand 
bucket or bailer, orange-peel bucket, or other means, depending, to some 
extent, on the diameter of the bore hole. In such wells the casing is 
either driven down vith hammer bloAvs; pulled down by jacks attached to 
deeply buried anchors or deadmen, or to other objects; or allowed to sink 
of its own weight. In the last method, excavation proceeds slightly in 
advance of the casing. The method is known as the caisson method. 
It is used for holes from 4 to 6 ft. and up to 50 or more feet in diameter. 

The Ranney water collector is a dug v^ell about 13 ft. in diameter that 

^ See Jour. A.W.W.A , September, 1945, p. 913. 
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has been sunk as a caisson. Screens are driven radially and approxi¬ 
mately horizontally from this well, as indicated in Fig. 43.‘ The length of 
these horizontal screens varies from 100 to 300 ft., lengths up to 200 ft. 
being most common. Such wells have great capacities, some up to 25 
m.g.d.* 



SECTION PLAN A-A 

I i(» 43—Kadial well oi Hanne> water roller (or (Fiom Ji Acholsim, Jour. Wew Kttyl 
Water Works Assoc., Vol 57, p l‘H, 11M3 J 

91. Drilled Wells. The Mieceshful hinkinj*; of deep drilled W(»lls 
requires special training, experience, tools, and (*(]uipment. Among the 
various methods of drilling A\ells may be included (1) tlu* standard 
method, with or without modifications; (2) the jetting method; (3) the 
core-drill method; and (4) the hydraulic rotary method. 

1 ^‘The Ranney System of Underground Water Collection,” Enginciring (British), 
Dec. 12, 1941, p. 461. 

2 See Nebolsine, Ross, ^'New Trends in CJround Water Development,” Jour. 
New Kvgl. Water Works Assoc., Vol. 57, p 191, 1943; and Kazmann, R. (1., “Induced 
Filtration Supplies Most Productive Well Field,” Ctml Eng., December, 1946, p. 644. 
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92. The Standard Method. The standard method involves per¬ 
cussion drilling, in which a drill is alternately raised and dropped in the 
descending l)ore hole. It is suited to the drilling of wells in any material 
from soft clay to the hardest rock. Other methods, such as the hydraulic 
rotary and the corc-drill methods, may advance more rapidly through 
hard rock. Modifications of the standard method include the “pole- 
tool” method, in which wooden rods are used instead of rope; and the 



Fi«. 44. Percussion illing iig. {Courttby of Bucyrus-Eru Co.) 


*^hollow-rod” method, in ^^hi(•h the string of tools above the boring bit is 
supported by hollow rods through Avhich water is drawn upward to 
remove the drill cuttings continuously. 

A light percussion drill rig adapted to the standard method is illus¬ 
trated in Fig. 41, and a set of tools and accessories used with the rig is 
illustrated in Fig. 15. 

The procedure in drilling A\ith such a rig is as follows:^ (1) The rig is 
raised, and a mud sill is placed under it to give the mast a solid foundation. 

^ Taken mainly from War Dept. Ttch. Manual^ TM5-295, 1942. 
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Fig. 46. —Well-drilling tools. {Courtesy of Acme Fishing Tool Company.) 

A. Drilling stem G. Collar buster L. Drill mill 

B. Drilling bit H. Side-slot coiiibiiiation socket M. Fishing jar 

C. Fishing spear and socket slips N Ring-collar socket 

D. Drilling jar I. Bailer O. Die nipple 

E. Prosser swivel socket J. Full-circle slip socket P. Hope socket 

F. Casing cutter K. Hollow spear Q. Mandrel or swage 
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Jacks are placed between the rig frame and mud sill to level the rig and 
take the weight off the springs. Guy lines from the mast are lead to 
deadmen or other holdfasts. (2) A wooden platform is built at the rear 
of the rig, surrounding the hole that is to be drilled. The platform should 

be at a height to make the control levers 
accessible to the driller. A sluice box and 
drain are built to receive and carry off bit 
cuttings and water as they are bailed from 
the well. (3) The string of tools, as 
illustrated in Fig. 40, is assembled and 
inserted in the drill-stem guide. The 
latter may be used in starting the hole and 
until its depth is equal to the length of the 
drill bit. However, it may be better to 
start the hole with an earth auger. As 
the hole deepens, the string of tools may 
be lengtlu^ned by incrciasing the length of 
the auger stem, to aid in keeping the hole 
straight, and by the addition of ‘^jars.’^ 
The jars are a loose link which gives a 
sharp upward blow to lessen the tendency 
of the drill bit to stick. (4) The rig is 
started, and the bit is alternately raised 
and dropped to crush, ream, and penetrate 
the strata. Water is run into the hole 
during drilling to carry off some excavated 
material and to facilitate the bailing of the 
hole. When the bit has penetrated a 
short distance, it is withdrawn from the 
hole, and the bailer, operated on a separate 
cable, Ls lowered into the hole to remove 
the cuttings. 

At I he start of the hole the full weight 
of the drilling tools is allowed to strike 
the ground to be penetrated. When the 
penetration is sufficient, the stretch of the rope is used to aid in causing 
the tools to rise after the blow has been delivered by the drill. 

If the hole is to be cased, the first length of casing, to the lower end of 
which a drive shoe may be attached, is lowered into the hole when ifc 
reaches a sufficient depth. The drilling continues inside the casing, 
lengths of casing being added as progress is made. Drilling inside the 



with .standard drilling outfit; B, 
ttMuper Hcrow. (From U.S. Gcol. 
Survey, Water SupNu Paper 257, 
1911.) 
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casing is possible since tlie bit drills a hole 1 to 2 in. in diameter larger 
than the body of the drill inside the casing. 

93. Jetting Methods. In this method the tools consist of a hollow 
drill, drill pipe, and water swivel. The equipment includes a derrick from 
which the i)ipe is supported, a force pump, and im essary 

water and power. Casing and a drive weight must also be 
provided. The hole is advanced by pumping water under 
pressure through the drill bit while it is churned up and 
down. The casing follows the bit very closely, and the 
water rising through the casing lifts the finely divided cut¬ 
tings from the well. 

This method of drilling is suitable in soft, unconsolidated, 
alluvial deposits and for wells of one diameter for depths up 
to 400 to 500 ft. If a greater depth is desiied, the diameter 
of the hole must be decreased as tlu' de])th of the bore 
increases. In some materials it is not necessary to case the 
A\ell until the hole is completed. In suitable maierials a 
Avell can be sunk by this method fastcT than by any other. 

There are recerds of w ells 500 ft. deep vhich have been com¬ 
pleted ready foi* service in two days. 

94. Core-drill Method. Core drills consist of a hollow 
l)it armed with abrasive teeth on the annular (*ircumference 
of the bit. The bit is rotated; it is not advanced by percus¬ 
sion. The parts of a core drill are illustrated in Fig. 47. 

As the drill advances in solid material, a core rises in the 
center. This is broken off, raised, and should be preserved 
to furnish a record of the material penetrated. 

A diamond drill is ii core drill. The diamonds used are 
either carbons or borts. As the drill revolves the diamonds 
cut into or abrade the rock, the cuttings being removed by 
water as in the hydraulic I'otary iiu'thod. A rt)tary-core 
drill with steel teeth can also be used with success. 

Another method of advancing a bore hole })y a rotary 
abrasive method is by the use of steel shot poured into the 
hole and held beneath a revolving annular steel shoe. This 
is knowm as the ^'chilled shot” method. 

95. Hydraulic Rotary Drilling. In the hydraulic rotary method of 
drilling,^ a mud-laden fluid is pumped from a sump at the ground surface, 
dowm to tlie bottom of the well through the hollow drill stem and through 

^ Timmins, L P., Mud-flush Rotary Drilling for Water Wells,’’ Water and Water 
Eng., Apr. 10, 1930, p. 161. 





Fio. 47.-- 
Core drill. 
{From U.S. 
(Uol. Survey, 
Water Supply 
Paper 267, 
1911.) 
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a hole into the cutting bit. The fluid returns up the well, carrying with it 
the cuttings as they are loosened by the revolving drill bit. The actual 
drilling tool consists of a fishtail, disk, or special rock bit shown in 
Fig. 48 and Fig. 49. These are connected to a hollow drill stem, made 
up in 20-ft. lengths which are connected at the top to a square rod, 
known as the Kelly,” which receives its rotary motion from a table 
similar to that shown in Fig. 50. 

Among the advantages of this method of drilling are the speed by 
which the hole can be advanced, particularly in soft materials, and the 



jM<i 48 1 ishtuil drill bit. In. 49 Hurd-rock cutter head {Cour~ 

nhowiii^ hollow stern {('ourUi^y icsy of Hughs Tool Co) 

of National Snpjylg Company ) 

plasl(M*ing effect of the mud-laden fluid as it rises through the bore hole. 
The hydraulic head thus developed aids in preventing the caving of the 
walls of tile hole before the casing has been set and simplifies the setting 
of the screen and casing in the hole before completion of the well. The 
rotary core barrel makes it possible to determine the characteristics of 
the formations being drilled, and the use of the rock bit now makes it 
possible to advance through hard rock without the use of a combination 
of the rotary- and cable-tool outfits. 

96. Difficulties in Drilling. Difficulties in well drilling are the result 
of the loss of tools, bad alignm(*nt of the bore hole, encountering of 
boulders, movement of pla.s(ic clay, encountering of quicksand, and other 
causes. Tools are lost through the breaking of the rope, wKich may be 
caused by defective material or by the jamming or freezing” of the tools 
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in the well. A bit may become wedged in the material being cut, as a 
result of striking too often in the same place, or tools may freeze because 
of rising sand or the sedimentation of cuttings if the pumps ai e stopped. 
Lost tools may be recovered by a number of ingenious devices, some of 
which are illustrated in Fig. 45. The position of the lost tool must be 
determined with accuracy by direct observation, by photography,* or by 



Fig 50.—Rotary drilling outfit. {Courtesy of National Supply Company ) 

a wax impression. Tlie fishing tool must be used witli skill and care so as 
not to make conditions ^vo^se. The alignment of a well is maintained by 
the use of a long auger or drill stem. 

97. Deviation from the Vertical. During construction, and before a 
well is accepted or the pumping eejuipment is installed, the plumbness and 
alignment should be tested. Relatively slight deviations from the 
vertical can be measured by lowering a plumb bob into the well and noting 
the distance between the plumb-bob string and the top of the casing as 
the bob strikes the side of the casing at various depths. If the deviation 
* “Borehole Surveying,” Water and Water Eng.j March, 1935, p. 112. 
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from the vertical is greater than the diameter of the casing, two methods 
are available for making the necessary observations. In one a glass 
bottle containing about a 50 per cent water dilution of hydrofluoric acid is 
lowered into the well and allowed to stand for about 15 min. to permit the 
acid to etch the glass. The line of the surface of the acid shows the 
angle of deviation from the vertical. Both the direction and the angle of 
deviation can be detected by lowering into the well a compass floating in 
liquefied gelatin. The gelatin solidifies and fixes the compass in position, 
and the surface of the gelatin shows the angle of deviation from the 
vertical. Photographic equipment is available that wull record a log of 
the course of the well. The alignment of the well can be tested by lower¬ 
ing into it a “dummy’' consisting of a length of pipe slightly smaller in 
diameter than that of the well casing. The length of the dummy should 
be such as to delect undesirable deviations from a straight line. In 
general, a well should not deviate more than half its diameter for each 
100 ft. of length.^ 

98. Depth of WeU, There is no relation between depth and capacity 
of a well. The well must be deep enough to penetrate the acpiifer from 
which water is to be drawn, to permit the installation of an adequate 
length of screen and the installation of the desired pumping equipment. 
Water wells are seldom more than a few hundred feet deep, because at 
great depths water is less likely to be potable. Oil wells have been sunk 
to depths gr(‘ater than thr(*e miles. 

99. Diameter of Wells. The diameter to be chosen for a well is 
affected by the method of construction, the amount of water to be drawn 
Irom the well, and other factors. In practice, some correlation between 
diameter of deep drilled wells and capacity can be found, as indicated in 
Table 31. In deep drillt'd wells the minimum size of hole may be aflected 


TaBLS 31 .-( 'ORRKLA'l ION RLTW KKN C'aPACITY AND DlAMETf^R OF DiuLI.LD W ELLS 


('apaeity, g p.ni. 

Diaiiu'ter, in. 

('ap.aeity, g p in. 

Jbaineter, in. 

50 

() 

1,000 1,500 

12 

50 300 

8 

1,500 2,400 

15 

300 1,000 

10 

2,100 3,000 

20 



3,000 and ov(t 

24 


by the ecjuipment necessary to reach the recpiired depth. In general, the 
increase of the diamc'ter of a well for the purpose of increasing its specific 
capacity is not economical. However, an increase in the diameter of the 
wtII screen may be justified in order to decrease the velocity of flow^ into 
the screen and thus increase the life of the well. 

* Imbt, W. r., “('rooked Holes,” III. Well Driller, February, 1933, p. 10. 
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Deep Avells may decrease in diameter at various stages of increasing 
depth, mainly for convenience in sinking the well. However, wells to be 
pumped by air lift should be smaller in diameter at the bottom than at 
the top to allow for the increasing volume of air at the lower pressures 
near the top of the well. 

100. Log of a WeU. The log of a well is a record of the underground 
materials penetrated at various depths and of the iliameter and other 
characteristics of the well. Tn most states the keeping of a log is required 
by law, the log being filed for record with the Geological Survey or a 
similar bureau. 

The logging of existing wells whose capacity has diminished has 
sometimes been found economically justifiable in a study of the best 
procedure in redeveloping the well. Results of such logging may iiuilude 
the location of lost tools, broken casing, cave-ins, strata that are taking 
water away from the well, and misplaced or broken seals. Tbc' n'sults of 
acidizing or blasting wells and of the placing of gravel may be studied. 
Water horizons, detected behind casings by logging the well, have been 
recovered by punching or shooting holes in the casing. 

Geophysical methods of logging^ are similar to those used in the 
location of wells but are more extensively developed. Tluiy include 
seismic, acoustic, chemical, electrical, mechanical, optical, thermal, and 
radioactive methods. Seismic and acoustic waves are similar, exci'pt 
that the latter are of highei* frequency and are absorbed differently. The 
charact^eristics of such waves propagated at the surface of the ground are 
detected by suitable instruments at various depths in the well. Obstruc¬ 
tions in, and other features of, a well may be located by the detection of 
echoes from them resulting from the firing of a blank (cartridge' at the top 
of the well. 

Chemical methods involve the determination of the characteristics of 
the formations penetrat(‘d by the well. There is a variety of electrical 
methods depending, in the main, on the measurement of the resistivities 
of the underground strata. The magnetic m('thod dc^pends on the fact 
that most rocks will retain magnetic properties when placed in a magnetic 
field. The length of time of retention, called the “retentivity,” gives a 
clue to the characteristics of the rock. Mechanical methods include hole 
calipering and, during construction, a record of drilling rate and drill 
reaction. Optical methods include the taking of photographs, the 
measurement of the intensity of light reflected from the walls of the well, 
or the measurement of fluorescence induced by irradiating the well, 
usually with ultraviolet light. Thermal methods involve the measure- 

‘ See also Bays, C. A., and S. H. Folk, “Geophysical Ix)gging of Water Wells in 
Northeastern Illinois,” Jour. Western Soc, Engrs., September, 1944, p. 248. 
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ment of the temperature gradient down the well or the direct measure¬ 
ment of the heat conductivity ot the rocks. Artificial radioactivity can 
be induced in the rocks by a bombardment of neutrons, even through the 
casing. The induced radiations can subsequently be picked up in the 
hole by suitable instruments. Mechanical and optical methods of 
logging water wells are most commonly used. 



i n* ,51 Typical dc‘ep-Afvcll ('quipmont. 


101. Well Casing. The well casing, as shown in Fig. 51, forms the 
lining of the well. Near the top of wells ot large diameter it may be 
called the “curbing.^^ Among the purposes of well casing, or curbing, 
are the prevention of (1) the collapse of the hole, (2) undesirable w^ater 
from entering the well, (3) good water from escaping from the w^ell, and 
(4) material from falling into the well. It is frequently necessary to case 
wt41s for the entire length of the hole; in some instances, how^ever, casing 
has been omitted through strata that will not crumble, such as dry solid 
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Materials^ most commonly used for well casing are wrought iron, 
alloyed or unalloyed steel, and ingot iron. The use of cast iron for the 
purpose is increasing. Cement-lined and enamel-lined pipes of the above 
materials arc available and are suitable in some wells. In some instances 
wells have been cased with copper 
pipe, and others with asbestos-cement 
pipe, as well as fiber and vitrified clay. 

Some types of casing are illus¬ 
trated in Fig. 52. Where the casing is 
subject to considerable stress in driv¬ 
ing or placing, alloys of iron, copper, 
and other metals are used to combine 
strength with resistance to corrosion. 

Soft alloys and lined pipes are unsuita¬ 
ble for casing that is to be driven. 

The weights of ferrous well casing are 
greater than for standard steel pipe. 

Joints must be strong to withstand 
the stresses of driving and pulling. 

Some types of casing joints are illus¬ 
trated in Fig. 52. Joints between 
casings of different diameters may be 
made tight by rubber or expanding 
lead gaskets. 

Where metal casing is to be driven, 
the lowest section may consist of a 
sharpened ternpered-steel shoe which 
cuts a hole large enough to be cleared 
by the remainder of the casing and 
the couplings. In soft materials the 
casing will follow the drill by its own 
weight, but if it sticks it must be 
driven down. A driving cap is plac^ed 
on the top of the casing to protect it, and it is struck by a heavy wooden 
maul. If this is insufficient to advance the casing, drive clamps are 
bolted to the upper end of the auger stem. The machinery is then 
coupled as for spudding, and the drive cap is struck repeated blows by 
the driving clamp. If the pipe becomes badly stuck, it may be loosened 
by capping the top and forcing water under pressure into the well. As 
the water rises, it may carry the clogging material out with it. 

^ See Tentative Standard Specifications for Deep Wells,'' Joyr. A.W.W.A., 
September, 1945, pp. 913 and 944. 
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Fio. 62.—Well-casing couplings, 
elariiph, and tools. 1, .sleeve coupling; 
2, tapered .sleeve coupling; 3, 4, sleeve 
and inserted-joint couplings; 5, hIioc; 
(), 7, 8, drive heads; 9, drive clamps; 10, 
pipe ring; 11, hydraulic jack; 12, 
elevator; 13, gas packet. (From U.S. 
Geol. Survfy, Water tiuj)ply Paper 257, 
1911.) 
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It is sometimes desirable to withdraw the drive pipe or casing for 
various purposes, as for the placing of a screen. Short lengths of casing 
are pulled by a hook attached to the rope run over the crown pulley of the 
derrick. Long lengths are pulled by lifting with hydraulic jacks which 
are fastened to a ring at the top of the pipe. 

Well casings should, in general, not be used as part of the discharge 
pipe from the well, as possibilities of corrosion and loss of the well are 
increased. 

102. Screens.^ A screen is required at the bottom of a well to pre¬ 
vent the walls of the ac^uifer from caving into the hole, to exclude fine 



LAYNE STRAINER COOK STRAINER LAYNE SHUTTER SCREEN 
Fig. 53.—Tyi>os ot well screens. 

sand or granular material, and to permit the entrance of water. Some 
types of screens are illustrated in Fig. 53. A common method of placing i\ 
screen in a cased well is to drive the casing to the full depth of the well. 
The screen is then lowered inside the casing until it rests on the bottom ol 
the well. The casing is then raised to expose the screen, and the joint 
between the screen and the casing is closed with a rubber packer or a lead 
packing ring which is expanded against the casing by a special tool. 

The size, shape, and spacing Ix^tween openings in the screen are 
important conditions affecting the life of the Avell. The size of the open¬ 
ings may be determined, after a study of a mechanical analysis of the 
water-bearing stratum, to permit the passage of all fine particles repre¬ 
senting a certain percentage, by weight, of the water-bearing material. 
It is not now uncommon to use openings that will pass 70 per cent, or 
more, of the sand grains in the aquifer, where the uniformity coefficient is 
high. The shape of the opening should prevent clogging and bridging. 

^ See also Benmson, E. W., “CWstruction and Use of Well Screens,” Jour, 
A.W.W.A.y June, 1939, p. 939. 
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These can be diminished by the use of openings that are larger on the 
inside of the well, a& shown in Fig. 54. Any regular shape such as a 
rectangle, a square, a circle, or an oval can easily become clogged by sand 
or corrosion, bong, narrow, horizontal slotted openings, as illustrated in 
Fig. 53, are satisfactory. The openings should \ye placed as close together 
as structural strength will permit. This distiuice usually allows five to 
six openings per vertical inch. Screens formed by punching holes in the 
metal in order to leave a raised portion of the metal over the hole with a 
slot at the bottom, as shown in Fig. 53, are known as 
‘^shutter screens.^’ They may be suitable as inside 
s(‘reens in a gravel-packed well, but because of the 
varying size and irregularity of openings they are not, 
suitable in sandy material. 

The total area of the openings in a screen should be ^ 

such as to maintain an entrance velocity l(*ss than neces- Sand 
sary to carry the finest particle of sand that is to be 
('xcluded by the screen. Lifting velocities are gi\(‘ii in 
Table 32. The length of the screen should not b(‘ less 



Table 32.— ^laFTiNc? Velooities of Water 


Diameter of Grains, 
]\Iilliiii(‘ters 
XTp to 0 25 
0.25 to 0 50 
0.50 to 1.00 
1.00 to 2.00 
2.00 to 4.(K) 


Velocity of Water, 
Feet per Seroiul 
0 0 to 0 10 
0.12 to 0 22 
0.25 to 0 33 
0.37 to 0.50 
0.00 to 2.00 


Fig. 54.-- 
Section throuRli 
wall of a well 
SCI cell hiiowiriK 

than the thickness of the aquifer pemetrated. The small opening on 
length, diameter, and total area are interdependent l^omplrcd to 
dimensions that must be adjusted to give the (h^sired larger opening on 
entering velocity. Some margin of saftdy in screen size 
is desirable to allow for incrustation and clogging and to prolong the* life 
of the scretm. The length of a screen should usually not be spe(*ified in 
advance of the construction of the well, in order that the length may be 
adjusted to the thickness of the acpiifer penetrated. 

Materials used for screens include iron or steel, either black or gal¬ 
vanized; corrosion-resistant alloys, some of which are listed in Table 33; 
concrete; wood; asbestos-cement; and gravel. 

The material to be selected must have adequate structural strength 
and corrosion resistance, and it should be both available and not too 
costly. Since the useful life of the well is mainly d(‘pendent on the 
durability of the screen, emphasis is placed on the selection of the material 
of the screen. 
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To remove a screen from a well without collapsing the screen, the 
sand-joint method may be used. In this method sacking or similar 
material is fastened to the end of a pulling pipe that is lowered to the 
bottom of the screen. Sufficient clean sharp sand is then poured into the 
well almost to fill the screen. Where the space between the pulling pipe 
and the screen is large, the sacking must be supported by a truncated cone 
or disk welded to the pulling pipe. The joint between the screen and 
casing is broken, and the pulling force is transmitted uniformly through 
the sand to the screen, usually lifting it without damage. 

Tablk 33.—SoMK Alloys Used in Well Sc reens 
** Maintaining Wc'll Vi(‘lds,” Water Works Eng., Aug. 27, 1941, p. 1001. 


Allo:^’ Percentage of Kaeh ('onstitucuit 

Monel metal. Nickel 70, copper 30 

Sup^T nick(‘l. Nickel 30, copper 70 

Kv<‘r(lur mental. Copper 9(), silicon 3, mangane.se 1 

Stainless .steel . Ste(*l 74, chromimn 18, nickel 8 

Silicon red brass. (\)pper 83, silicon 1, zinc 10 

Anaconda n‘d bra.ss . Copper 80, zinc If) 

Arnico irorP. Iron 90.84 

Toncan iron^ . Iron 00.55, coi)p(‘r 0.40, molybdenum 0.05 

1 Hlurk or ^alv'iinizod. 


103, Corrosion of Screens.^ CV)rr().sion of w(dl screens may be 
classifi(‘(l as direct, sel(*ctivc, and eb'ctrolytic. A uniform destruction of 
th(^ surface, with (uilarged opcuiings, is typical of dire(‘t corrosion resulting 
from chemical reactions between the'Avater and the screen. Selective 
corrosion is confined to alloys in which the corrosive water reacts mainly 
with one* constitiumt of the alloy. Typical of this corrosion is dezincifica- 
tion and degraphitization. Pdictrolytic corrosion results from galvanic 
action set up by the presence of dissimilar mtdals in electrolytic solutions. 
This type of corrosion is discussed in Sec. 334. Direct and selective 
corrosion may be diminished by choosing other metals. Electrolytic 
corrosion may be avoided by using metals close to each other on the 
(dectrolytic scale. 

104. Incrustation of Screens. Incrustation may be caused by the 
direct d(‘position of suspended matter from the water on to the screen, 
by the ndc^ase of dissolved minerals from solution due either to the change 
in pressure at the screen or to chemical reactions, and to biological activ¬ 
ities resulting in the deposition of gelatinous zoogloeal material on 
the screen. The principal incrustant is calcium carbonate, which both 
forms a scale on the screen and cements deposited particles. Carbon 
dioxide in solution under the high pressures in the aquifer may be 
released at the screen surface, resulting in the deposition of calcium car- 

1 Ibid. 
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bonate. Sometimes aluminum silicates, iron, and sulphates are found in 
the incrustations. 

Incrustation can he minimized by allowing a low head loss through the 
screen, thus preventing the escape of dissolved gases and the precipitation 
of incrustants. The removal of incrustations on screens is discusstnl in 
Sec. 117. 

106. Gravel-wall Wells. Oravel-^^all \\ells, vith inleiior scietuis, 
as illustrated in Fig. 55. are used 
to increase the area of contact 
between the aquifer and the veil 
construction, thus diminisliing the 
velocity of the entering water. 

The gravel wall is placed during 
the construction of the well, 
various methods for placing the 
gravel being used. Among these 
methods are the following: (1) A 
drill bit and casing shoe, 4 to G in. 
larger than the outside of the 
casing, are used in drilling. This 
annular cylindrical hoh' is filled 
with gravel that sinks with the 
advancing casing. (2) The w^ell 
may be constructed with an inner 
and an outer casing with diamc'- 
ters differing by 0 to 12 in , or 
more. When the proper depth 
has been reached, the sci(*en is .set, 
the inner casing is caiefully cen¬ 
tered, and the space ])etwe(ui the 
two casings is filled with giavel. 

Sand may be pumped out through 
the low^er open end of the inner casing, Ix^foie it is sealed, so that addi¬ 
tional gravel is pulled into the excavation, and conditions aiel(4t some- 
W’hat as indicated in Fig. 55. (3) If, in the pnu'eding mc'tlu^d, sulficient 

gravel cannot be put into the well, hydiaulic jetting around the bottom of 
the casing will remove more sand, or the well hole may be undeiicuimed 
by the use of expanding reamer blades. This should be done with water 
containing mud in suspension so that the sand walls will be h(4d in posi¬ 
tion until the gravel has been placed. Care must be taken in the use of 
this method to avoid either caving or sealing of the sand stratum. 

Gravel should be selected of a size that will prevcmt the entrance* of 



1 Hr 55 G ravel-vv till well {Front Jour. 
A n W.A , Vol .^7, p 1045) 









104 


WATER SUPPLY ENGINEERING 


particles of sand greater than is desired. For example, Gerber^ states: 
“If the natural sand grains have a diameter of 0.04 in., the pack gravel 
could have a diameter of 0.25 in., or if the sand were very fine, say 0.005 
in., two sizes of pack gravel might be used: 0.03 and 0.2 in., approxi¬ 
mately.” The openings in the inner metallic screen should be as large as 
possible without permitting the entrance of gravel into the well. 

The cost of gravel-wall wells is usually greater than of typically 
screened wells, but the resulting increase in capacity and prolonged life 
frequently justify the increased cost. 

106. Finishing a Well. After the screen has been set, as described in 
Sec. log, or the casing has been perforated to admit water when no screen 
is to Ix' placed, the well should be protected against contamination, as 
described in Sec. 107, and undesirable aquifers should be sealed off. The 
well is now ready for the installation of the drop pipe and pump, as 
illustrated in Figs. 51 and 120. 

107. Protection from Contamination. Wells may be contaminated 
cither by surface water entering at the top or following outside the casing, 
or by interchange' of waters between water-bearing strata. Much 
attention has been given to the prevention of such contamination, and 
exhaustive specifications for the sanitary })rotection of nells have been 
published by the U.S. Public Health Service in a Sanitation Manual for 
Public Water Supplies.^ Some items in the Manual are as follows: 

Item 1. Exclusion of Surface Wat<r ffom Site. The top of the \V(‘J1 must he so 
constructed that no water from the well caif drop hack into it, the* ground surface 
must slope auay from the well or the site othi»rwis(* drained, and flood waters should 
not approach within 50 ft. 

Item 2. Earth Formations above Water-hearing Stratum. J'^arth lorniations above 
acpiifer should provide sufHcient filtration to j)revent contamination from surface 
water. 

Item 3. Distance to Source of Containination. The minimum piTini.ssihh* hori¬ 
zontal distance to a source of contamination is 50 ft., with 300 ft. pr(‘f(*rred. 

Item 4. D(pth of Casing and Curbings. It must extend at least 10 ft. h(*low the 
ground surface and j)referahly 10 ft. helow the ground-water tahl(‘. 

Item 5. Construction and Use of Casing and Curbings. For drilh*d w(‘lls the 
space hetw'een casing and w’(*ll hole is to he filled with not less than 1 F. in. of ciumuit 
grout to a depth of 10 ft. or more. Casing is not to he used as suction pipe. 

It('m 0. Gravel-treated Wells. (Iravel surface must terminate not le.ss than 10 ft. 
helow ground surface. Uemainiiig space above grav(‘l surface' is to he filled with 
impc'rvious clay, mortar, or cement grout, Cravel must have been disinfect(‘d before 
jihicing in the well. 

Item 8. Will Seals or Covers. TIutc must he a wate'rtight seal or cover at the 
top of the casing. Uecommended connections at the top between casing and drop 
j)ipe or suction pipe* include: an all-flanged or threaded connection; metal to grouted 

^ (Jkkbkr, \V. 1)., discussion. Jour, ^l.ir.ir.d., April, 1937, p. 486. 

‘See Jour. /l.HMr.d., May, 1944, p. 501. 
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cemont with suitable gasket (not rubber) to be used only A\hen the j( int carries the 
weight of the pump and is rigidly supported to prevent vibration 

Item 9. Well Vents. These are necessary to retain atinosphene pr(‘S'nr(' in causing, 
preventing suction of contaminated \sater into the well. Such vents should extend 
aliove the floor bend and should terminate in a covered or screened !<‘turn bend facing 
do\^n^\ ard. 

Item 10. Well Pits. Pumping machinery is not to bi* located bc'lov. gixiund in 
pits. 

Item 11. Construction and Installation of Pumps Among tlie de‘tails included 
are: pumps must not be primed by unsafe water: there must ]>e a watertight connec¬ 
tion betv\een casing and power unit, or casing must extend 6 in or more above 
hurface. 

Item 12. Pump House. Adequately drained and protected against flooding. 

108. Sealing a Well. Wells are sealed both during and after con¬ 
struction to prevent surface or underground contamination from ent(u*ing 
the well, to prevent the passage of good A\ater underground from one 
aiiuifer to another, to prevent the escape of gas from the well, and for 
other reasons. The sealing of the annular space n(‘ar the ground surface 
is particularly important in creviced rock formations with connections to 
the ground surface. 

A satisfactory method of sealing a well below the surface of the 
ground* re<iuires that the outside casing !>(» driven to the point at which 
the well is to lie sealed. Drilling is continued below the casing for the full 
depth of the stratum that is to be sealed off, but in no case is the length of 
the hole below th(' casing to be less than the length of the string of tools. 
The hole is then filled with sand to the level at which the end of the inner 
casing is to be set, and the remainder of the hole is filled with neat cement, 
either dry or as a soupy grout. The inner casing, w ith a flat plate welded 
over its lower end, is lowered into the hole, pushing aside the grout until 
its lower end reaches the sand. The cement grout is thus pushed into the 
annular space between the casings. After the c(*ment has set, the welded 
plate at the bottom of the inner casing is punched through, the sand is 
bailed out, and the drilling of the hole is continu(‘d. The sand is used so 
that the cement will not be cracked when drilling is resum(*d. A similar 
procedure may be followed in sealing an existing well.- Pressure cement 
grouting can also be used to seal out undesirable water. 

It may sometimes be necessary to stabilize formations of a caving 
nature by injecting cement grout into them or to guard against well 
failure in such material by setting the low^er terminal of the screen or 
casing in cement grout. In grouting the annular spac(‘ surrounding 

* C'arb, J. a., “Experiences in Well Constnietion,” Wntrr Works <{• Sevterage, 
March, 1937, p. 94. 

* iSee also Holland, Fhed, “Water Well Cementing,” III. Well Driller, Vol. 16, 
Ko. 1, p. 7, 1947. 
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the casing, the grout should be applied in one continuous process starting 
at the bottom of the space to be filled, where such depths are not greater 
than about 100 ft. The grout may be a mixture of 2 parts of sand to 1 of 
cement, containing not more than 6]'^ gal. of water per cubic foot. 

109. Chlorinating a Well.^ Well tools are sometimes disinfected 
during construction, and all new wells should be chlorinated, as a sanitary 
precaution, before being turned into production. A well (;an be chlorin¬ 
ated by filling it with a solution containing at least 50 to 100 p.p.m. of 
available chlorine and allowing the solution to stand in the well about 
24 hr. A stock solution of chlorine, containing about 15,000 p.p.m., may 
be applied at diff(‘rent levels after which the water in the well may be 
agitated to diffuse and to distribute the chlorine. 

110. Performance Requirements. Specifications for the construction 
of a well sometimes include a statement of the retjuired performance of 
the well under test conditions. The usual guarantee covers the (juality 
and (plantity of water to be delivered for a particular dra\vd(jwn. Pay¬ 
ment for the well may be in direct proportion to the specific capacity. 

111. Well Tests.- \ew wells may be subjected to acceptance tests, 
and existing w(*lls may be tc'stcnl to determine tlufir condition and capac¬ 
ity. Wells may be t(‘st(*d during construction to indicate whether they 
should be driven d(*(‘per or oth(‘rwise developed to attain the recpiired 
capacity. The test usually recjuirc^s the determination of the rate of flow 
from the W(*ll, xvhilv the drawdown remains constant, for a numlxu* of hours 
in th(* cas(* of a gravity well. The maximum rate at ^^hich water can be 
drawn from a av(*11 for a short p('riod of tim(% without n^gard to the 
drawdown, bears no rc'lation to the long-time capacity of the well. Care¬ 
ful observation of th(' movemcuit of the Asater level in a gravity well is of 
givater imixirtance than in a pressure or artesian Avell b(‘eaus(‘ of the 
ndatively slow^ rec(‘ssion of the water l(‘vel in a gravity Avell pen(‘trating 
highly p(‘rvious water-bearing material. 

Where it is impractical to continiu' the test long enough to reach the 
d(\sire(l drawdown, observations of rates of floAV at lesser dra an downs may 
Ik* made and used in the estimation of rate of floAv at the recpiired draAv- 
dowm. In general, it is recommended that the Avater lev(4 in the Avell 
shall always be more than 5 ft. above the highest perforation on the 
screen. 

112. Measurement of Water Level in a Well. The depth of Avater 
in a Avell Avhile it is being pumped can be mt'asured by any one of a number 

* So(' also Sanitation Manual for Public Ground Water Supplies,” Puh. Health 
Reports 59, No. 5; and Jour. 4.UMr..l., May, 1944, p. 501. 

* Sec also “Tentative Standard Specifications for Deep Wells,” Jour. A.W.W.A., 
September, 1945, pp. 913 and 950. 
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of methods. The equipment required in one metiiod, involving the use of 
air pressure, is shown in Fig, 56. Before the pumping of the well is 
started, air is pumped into the air tube D until all the water has been 
expelled from the tube at C. As soon as air escapes at (\ the pressure 
shown on the gage will cease to rise. The pressure on the gage \^ ill show 
the depth of water AC before pumping. As pumping continues, the 
water in the well will drop to some such position as BC. The maximum 
air pressure that can be developed on the pressure gage will be a 
measure of this depth BC. The drawdown 
will be the difference between AC and BC. 

By pumping air slowly and continuous!}' into 
tube D and recording the change in air pres¬ 
sure on the gage, in terms of water depth in 
the well, a continuous record of the drawdown 
can be made. 

In using the device shown at E a measured 
length of the rubber tube is lowered into the 
well until the level of water in the manometer 
changes. The length of tube let down the 
well, less the head h in the manometer, is the 
distance to Avater in the wtII. 

Other methods for determining w'ater level in a w’('ll involve the 
lowering of electric contact points into the well between the casing and 
the drop pipe. When the contact points touch water, the citcuit is 
closed and a light comes on, a bell rings, or some other signal is given, 

113. Maintenance of Wells. Among the causes of wdl failures that 
must be guarded against are (1) overpumping, (2) low^ering of the w^atcr 
table, (3) clogging or collapse of screen, (4) leaky casing, (5) clogging of 
the sand or crevices in the acpiifer, ((>) leaky drop pipe, and (7) worn 
pump. All can be guarded against or detected by vigilance in operation. 
Overpumping is a freciuent fault in operation. It results in clogging and 
incrustation of the screen, pumping of sand, and lowering of the water 
level in the we'll and lowering of the ground-water table surrounding the 
well. Pumping of sand may r^^sult also from collapse of the scree'n or the 
casing. To avoid these difficulties the maximum rate of pumping should 
be limited to that for which the wdl was constructed. 

The lowering of the ground-water table by overdraft on the w'ell field 
cannot alw^ays be avoided through the operation of a single well. As the 
water level is lowered, the specific capacity of the well is decreased and the 
powder required is increased. It may be necessary to increase the length of 
the drop pipe in the well, to increase the depth of the well, or both. 

Clogging of the screen may be detected by a drop of the water level in 
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the well during pumping without proportionate fall in the level of the 
surrounding ground water. Clogging of the screen may result from sand 
lodging in the openings, from incrustation, and rarely, from bacterial 
action. Collapse of the screen may be indicated by the pumping of sand 
either with or without symptoms caused by clogging of the screen. 

I^aky casings may admit undesirable water, the quality of which is 
detecte^d by chemical analysis, or they may allow water to escape from the 
well into ^Hhieving” strata. A leaky drop pipe and a worn pump will be 
indicated by a loss of pump capacity at known speeds of operation. 
“Thieving’’ strata may be detected by logging the well. Little can be 
done in the maintenance of a w'ell to permit clogging or arching of the sand 
or clogging of the crevices in the aquifer other than to avoid overpumping. 
Leaky drop pipes and worn pumps can be observed by pulling them from 
the well periodically for examination at the surface. 

114. Developing Wells. By the developing of a well is meant the 
restoration or increase of its capacity. An attempt to restore the failing 
(‘apacity of a well should be made only after a study of the costs involved 
and the probable results. It may be less costly to construct a new well. 
A well may be developed by (1) removing, cleaning, and replacing the 
screen; (2) removing the screen and blasting, reaming, or otherwise 
reconstructing the well, and replacing the screen; or (3) without removing 
the scre(‘n, surging, acidizing, chlorinating, overpumping, or blasting and 
reconstructing. Where water-1 )earing acjuifers that have been cased off 
are discovered, the casing may be perfonlted or cut opposite to them and a 
screen placed in propel- position. In A^ells larger than (> in. in diameter, 
or deeper than KX) ft., it is usually more economical to attempt to restore 
the well without remo\ing the screen. Screc'iis that have been rc'moved 
may be cleaned on the surfa(*e of the ground with acid and by brushing, 
and repairs may be made to the scrc'en. 

116. Blasting Wells. 1110 development of w-ells by blasting is most 
successful in consolidatc'd material in which crevices are opened and 
interconnected by the shcjck of the blast. In unconsolidated materials 
sand grains may be more densely packed by the blast, resulting in a 
diminution of flow from the ground into the well. 

Speed, high power, low^ bulk, and certain detonation are desired 
characteristics of the explosive to be used. Speed and pow-er are required 
to overcome the tremendous pressures underground and to shatter the 
rock; a dense explosive is needed because of the small space available to 
hold it; and certainly of detonation is essential, as a misfire deep in a w^ell 
hole cannot be safely rectified. The explosives that are most commonly 
used are 80 per cent high-velocity gelatin and nitroglycerin. Where small 
charges can be used, 40 per cent and 60 per cent dynamites are sometimes 
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used. The sizes of shots vary from 50 to 200 lb. It is customary to 
begin with the lighter charges, progressively increasing them until the 
desired result has been obtained. The size of the charge is affected also 
bv the water pressure to be overcome, the greater the pressure, the 
heavier the charge.^ 

The hole should be bailed after each shot, the size of the next shot 
being based on the character of the bailed-out material. Holes have 
sometimes been lost by overshooting. 

116. Surging. To surge a well is to cause water to flow rapidly from 
the well into the ground, or alternately to overpump the well and to force 
water into the ground. The principal purpose of surging a well is to 
dislodge clogging and encrusting material from tlie screen. Immediately 
after a well has been surged, it should be strongly and continuously 
pumped until all dislodged material has been removed. Otherwise the 
improvement resulting from surging will he only temporary. Surging 
must be done carefully to avoid damage to the scTeen, and it is not always 
successful, occasionally causing the loss of the well - 

Reversal of flow of water into a well may be effected by discharging 
w ater from the distribution system, from the pumps, or from an elevated 
reservoir, under pressure, into the well. In surging with a plunger the 
drop pipe is removed from the well, and a solid plunger, fitting the walls 
of the casing, is lowered beneath the water in the well. The plunger is 
attached to a well rig and moved violently up and down, as in spudding, 
causing water to rush in and out of the well through the screen. By 
placing a check valve in the plunger, water can be forced through the 
screen in one direction only. It may serve as a convenient method for 
violently and briefly overpumping the well. If the top of the well casing 
IS sealed, compressed air can be discharged into it to force water \ iolently 
back through the screen If air is permitted to follow through into the 
aquifer, it may cause ‘^air logging'' or clogging ot the water-bearing 
sands with pockc'ts of air. The sudden rel(*as(‘ of a large volume of 
compressed air into the well w^hile the well is being pumped at the same 
time has been found effective in restoring yield. 

Dry ice is solidified carbon dioxide. When dropped into a well, the 
solid quickly turns to a gas, generating a strong pressure if the gas is 
confined. In surging a well with dry ice, a charge of 50 to 500 lb. should 
be inserted and supported near the top of th(» casing, which is then 
quickly and tightly closed. Fast work is necessary owing to the low 

^ See also Doerk, K. f*,, ^‘Use of Explosives in Blasting Water Wells,” 111, Wfll 
Duller, February, 1941, p 8. 

*See also Henderson, A. D. H , “Redeveloping Well Yield,” Water Works Eng., 
August, 1943, p 882. 
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temperature of the earbon dioxide. The charge is suddenly released to 
fall into the well and vaporize. Pressures up to 90 p.s.i. have been 
generated in this manner. Although the method has been successful, 
some dangers accompany its use, such as frozen hands, suffocation due to 
dense fumes of carbon dioxide, rupture or lifting of the casing, or collapse 
of the screen.^ 

117. Acidizing and Chlorinating. Wells are acidized or chlorinated 
for the purpose of dissolving or dislodging clogging material or incrusta¬ 
tion on the screen or in the sand around-the screen. Acids may be used 
only where the metal of the screen will not be attacked by them. Brass or 
bronze may be treated with muriatic acid, HCl, while iron requires nitric 
acid.-^ Inhibited acids**^ contain chemicals that diminish the reaction 
between the acid and C('rtain metals but not })etween the acid and the 
incrustants. Many inhibitors are proprietary compounds, some of which 
contain arsenic or other toxic substances that must be used with great 
caution if us(‘d at all. Stabilizers in acids retain in solution certain 
materials that would otherwise be reprecipitated as the acid weakems 
through dilution and neutralization. Acids should be applied in the 
highest concentration possible in the expectation that the acid concentra¬ 
tion will reach at least 25 per cent in the screen. In some cases, progres¬ 
sively stronger doses of a('id hav(‘ been applied to the well. Acid is 
somc'times added by pouring it dow'n a hose, wuth its low^r end at the 
bottom of the well, and slowly raising the hose as the volume of the acid 
displaces the water in the well. 

Muriatic* acid is most commonly used as it is effective in disvsolving 
calcium carbonate, tlie most common incrustant. The addition of about 
3 per cent citric or acetic a(*id to ihe muriatic acid eliminates some trouble 
in iron-bearing water. Calcium sulphate incrustant may be dissolved by 
ammonium salts. Acid with a content of about 27 per cent muriatic 
acid is a commercial strength commonly used. If results are not satis¬ 
factory, the use of the muriatic acid may be followed by the application of 
sulj)huric acid. The acid may be allowed to stand in the well for 1 to 24 
hr., during which time the well may be gently surged intermittently for 
short periods of time. ''Fhe wtU should be bailed clean of all dislodged 
material and the acid removed by flushing the well with water or neutral¬ 
izing with lime, soda ash, or other chemical, followed by thorough flush¬ 
ing with water until traces of chemicals are removed. 

Among the dangers to be guarded against in handling acids, besides 

' Soo also PoRTKR, R. II., Well Reclaimed by Dry lee,” Water Work.s Eng., Apr. 
23, 1941, p. 446. 

* See also CIoetz, J. R., and F. li. (Wentry, ‘^Treating Kneriisted Screens,” 
Water d' Sewage Worksj April, 1946, p. R-23. 

® See also Sih*. 404. 



WCATION, CONSTRUCTION, AND MAINTENANCE OF WELLS 111 


add burns, are the acid fumes, carbon dioxide which is generated in 
quantities large enough to be suffocating, or the release of explosive 
hydrogen. 

Chlorine has been added to wells to remove incrust ants resulting from 
the activities of the so-called iron bacteria. It serves also to produce 
hypochlorous acid, which will attack calcareous deposits.^ In some 
cases it has been applied successfully ahead of acidizing. 

118. Pumping Sand. Sand should be removed from well water 
before it passes through pumps or into the distribution system. Various 
types of sand-removing equipment are available, including the Hrassert 
strainer- and a centrifugal device described by Jessup.-'^ Bunker* 
describes a quick method for the detection of sand in well water based on 
visual comparison with the amount of sand in known standards. Sand 
may be pumped so rapidly from a well as to cause underground cavities 
which, extending to the surface, undermine the foundations oi surface 
structures. There is no remedy for this after the damage has lu'en done. 
A warning is given by the appearance of sand in nator pumped from the 
well. The undermining of surface structures (‘an then be .avoided by 
pumping the well more slowly until sand no longer appears or by abandon¬ 
ing the well. 

1 S('e also Brown, E, D., ‘‘Bostoring Well ('ap*^<*ily Chlorhie/’ Jour. A W. 
W.A., May, 1942, p. 098; and W uric, Jl. L, Bejuvenating W'(‘lls with (’hlorino,” 
Civil Eng., May, 1942, p. 2()3. 

*Scc also Frioate, Cl. li., ^^San(l Benioval from Well W'iit(‘r,'’ ITa/^r HW/rs <fc 
Sewerage, Ai)ril, 1942, p. 101. 

^See Jessup, A. II., ‘SSand Boinoval from Well W'atcT Based on ('(‘iitrifugal 
Flow,” Water M^orks Eng , Sej)t 11, 1910 , p 11.50 

^Bunker, Cl. C\, ^‘ITow to Determine Sand in Well Wat(*r,” Water Works tfc 
Si^werage, June, 1943, p. 228. 



CHAPTER VI 

RAINFALL AND RUNOFF 

119. Hydrology. Hydrology covers the science of water, its proper¬ 
ties, occurrence, phenomena, and distribution. It deals primarily with 
precipitation and its disposal on and under the surface of the earth. 

When rain starts to fall upon the surface of the earth, that part which 
is not immediately evaporated is absorbed into or passes into the soil. 
When the rate of supply exceeds the capacity of the soil to absorb the 
moisture, it may collect in little puddles formed by surface irregularities 
and vegetable cover. As the supply exceeds the capacity of the puddles, 
they begin to overflow and runoff occurs into the natural or artificial 
drainage system of the area. The capacity of the soil in a specified 
condition, to absorb or take in moisture, is known as the “infiltration 
capacity.’^ The effect of the puddles is defined as “surface detention.” 

The infiltration capacity of a given soil is affected by the physical 
characteristics, the amount of soil moisture present at a given time, the 
prevailing plant-root structure present, and other factors. In general, 
the infiltration capacity becomes less and less as the rainfall continues. 

The concepts provided by this approach to a determination of runoff* 
resulting from a given storm are gradually removing the science of 
hj^drology from an era of empiricism to an era of factual analyses. 

120. Source of Water Supply. Rain, snow, hail, and sleet arc pre¬ 
cipitated upon the surface of the earth as meteorological water and may be 
considered as the original source of all water supplies. Part of the water 
becomes available for direct use in stream flow and ground water, and 
part is lost through processes of evaporation, transpiration, and deep 
seepage. The evaluation of the amount of water that may be available 
for the use of concentrated populations and the quantity of water that will 
produce damaging eff ects through erosion or flood are important functions 
of water-supply engineering. It is axiomatic that the amount of water 
available for direct use will be the difference between the total precipita¬ 
tion and the losses. However, exact determinations involve the effect 
of so many indeterminate factors that even the most experienced engi¬ 
neers encounter difficulties in arriving at reliable conclusions. It is 
important to emphasize the fact that there is no easy solution for the 
determination of the amount of water available and that, until an 
engineer becomes thoroughly competent, formulas and charts may be used 
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only as a guide and experience and knowledge of this interrelation of the 
various factors must be acquired. 

121. Precipitation. Precipitation o^*curs when moisture is trans¬ 
ferred from the atmosphere to the earth. The capacity of the atmosphere 
to retain water vapor is a function of the temperatuie; therefon*, when the 
temperature of the atmosphere falls below the dew point, the temperature 
at which the atmosphere becomes saturated with moisture, precipitation 
results. The factors involved in the phenomenon are many, and their 
interrelation is complex. Some of the factors are temperature, baromet¬ 
ric pressure, prevailing winds, mountain barriers, relative position of land 
and water areas, altitude, and cyclonic storms. 

122. Measurement and Records. The measurement and re(‘ording 
of precipitation is chiefly a governmental function; although many 
private companies and institutions keep such records for their i)\\n infor¬ 
mation, In the United States the work is done officially by the Weather 
Bureau of the Department of Agriculture. The data are published as 
follows: a daily weather map for each of sev(‘ral principal stations; 
Climatologieal Data^ published monthly for ^5 climatol()gi(‘al sections and 
yearly in the form of a summary; the Monthly Weather Review; and an 
Annual Report of the Bureau. The Canadian Meteorological Service 
publishes daily weather maps, the Monthly Weather Review, and an 
Annual Report. Measurement of precipitation is made A\ith standard 
instruments of the manual or automatic-recording type. A description 
of the instruments together vith instructions for placement and manipu¬ 
lation may be found in Circular E, Instrument Division, U.S. Weather 
Bureau. 

123. Amount of Rainfall, fl'opographic and climatic conditions in the 
United States are widely variant, and there are large areas of land remote 
from oceans or lakes. These factors together \Nith others cause a large 
variation in the amount and distribution of rainfall. The mean annual 
precipitation, as shown in F'ig. 57, varies from about 2 in. in sections of 
the Southwest to 100 in. or more in the extreme Northwest. Precipita¬ 
tion records at a few long-time Weather Bureau stations are given in 
Table 34. 

The mean annual rainfall may be used as an index of the probable 
availability of w^ater supply in a region. The actual rainfall in any one 
year may, however, deviate widely from the mean. The annual rainfall 
for each of a number of consecutive years may be continuously above or 
below the average. A long-continued period below the average may 
prove disastrous to a w^ater supply. Many failures occurred during the 
drought period of 1930 to 1934. Figure 58 shows a 10-year moving 
average of annual precipitation at Saint Paul, Minn., and illustrates the 
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Fig 57 —I«!oh'»etal map of Umted States 
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Table 34. Pbkcipitation at Long-time Weather Bureau Stations 





Maxinnim 

Mininuiin 

Station 

Period of 
record 

Average 

annual, 


! 

Per ''cnt 

“ 

P(*r cent 



in. 

Year 

(>f aver- 

Yc'ar 

of aver- 


1 



ag(‘ 


ag(' 

Mobile, Ala. 

■ 1 

1871 1945 

61 2 

1881 

151 

1938 

60 

Yuma, Ariz. 

1870 1945 

3 5 

1905 

326 

1938 

8.3 

Ia)s Angekis, Calif. 

1878-1945 

15.7 

1884 

257 

1898 

! 31 

Denver, Colo. 

1872 1945 

14.0 

1 19(H> 

161 

1939 

54 

Peoria, Ill . 

1856 1915 

35 0 

1858 

152 

1910 

66 

Indianapolis, liid.... 

1867 1945 

39.6 

187(i 

146 

1931 

63 

Muscatine, Iowa. .. 

1846-1945 

38.9 

[ 1851 

192 

1901 

56 

Boston, Mass. 

1818 1945 

40 0 

1863 

170 

1822 

68 

St. Paul, Minn. 

1837-1945 

27 3 

1819 

182 

]9lo 

37 

St. Louis, Mo. 

1837 1945 

37 3 

1858 

184 

1931/ 

62 

New York, N.Y . 

1826M945 

43.0 

1859 

139 

1835 

67 

Portland, Ore. 

1872-1945 

42.5 

1882 

159 

1929 

62 

Yankton, S.I). 

1874 1915 

25.0 

1881 

161 

1894 

58 

Austin, Tex. 

1856 1915 

34.1 

1919 

188 

1917 

46 

Milwaukee, Wis.. . 

1844 1945 

30 1 

1876 

1 

1(>7 

1901 

62 


successive periods of higli and low pnn'ipitation or the cyclical (*hara(‘ter 
of rainfall. \’arialions in s(‘asonal rainfalls in a i*(‘j 2 :ion, Ix'forc' r(H*ord(Hl 



Fig, 58.—Ten-yoar moving average of annual precipitation at St. Paul, Minn. 

history, may be estimated by the development of a relation between 
the width of tree rings and the rainfall.^ These synthetic records show 
the same general tendency toward successive high and low periods. 
^ Douglass, A. E., Sd. Monthly^ Vol. 37, p. 481, 1933. 
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I \S. Geological Survey^ Water Supply Paper 772, 1936, gives an interesting 
analysis of studies to determine possible climatic changes in the United 
States. For the country as a whole there appears to be relatively small 
change in precipitation, but certain regions seem to have been affected in 
the last two or three decades by upward trends and others by downward 
trends. Average annual deviations from the mean are shown in Table 35. 

Table 35.— Mean Annual Rainfall and Average Deviation from Mean 



Mean 

Average 

Region 

rainfall, 

inches 

deviation, 
per cent 

New England. 

40 to 45 

11 to 14 

Atlantic Coast. 

45 to 50 

11 to 17 

Florida. 

50 to 55 

14 to 20 

Tennessee River. 

45 to 55 

11 to 14 

North Gulf Coast. 

55 to 60 

14 to 17 

Texas Coast. 

25 to 45 

17 to 23 

Ohio River. 

35 to 40 

11 to 20 

Missouri River. 

20 to 30 

14 to 30 

Eastern Rocky Mountain. 

10 to 15 

17 to 26 

New Mexico. 

10 to 15 

17 to 41 

North Plateau. 

10 to 20 

17 to 26 

South Plateau. 

10 to 15 

17 to 50 

North Pacific Coast.« 

40 to 50 

11 to 26 

South Pacific Coast. 

10 to 15 

1 

23 to 32 


124. Distribution of Rainfall. The distribution of the annual rainfall 
of a region seems to be determined by climatic conditions peculiar to 
location, somewhat as shown in Fig. 59. These patterns illustrate in a 
general way the variations in the amount and occurrence of rainfall in 
different regions. There is often a relation between rainfall distribution 
and seasonal demand for water supplies, particularly in cases where 
storage problems are involved and where domestic supplies are used for 
irrigation purposes. 

Hydrological considerations make it convenient to divide the year 
into three seasons or periods: (1) replenivshing, September through 
November; (2) storage, December through April; and (3) growing. May 
through August. Figure 59 shows the distribution of rainfall from 
different parts of the United States by monthly variations. 

125. Rate and Frequency of Intense Rainfall. The water-supply 
engineer is concerned with the rate at which rain falls in a single storm or 
series of storms and also with the frequency with which excessive precipi¬ 
tations occur. Since he is charged with the safety and economical 
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new ENGtANDTYPE 

Mean Annual 
Rainfall 
40 45in 


FLORIDA TYPE 

Mean Annual 
Rainfall 
50 55 in 


NORTH GULF COAST TYPE 

Mean Annual 
Rainfal 
55'bO in 
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Mean Annual 
Rainfall 
45-50 in 
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TEXAS COAST TYPE 

Mean Annual 
Rainfall 
25 To 45+in 
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OHIO TYPE 

Mean Annual 
Rainfall 
35 40 in 
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Mean Annual 
Rainfall 
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5 

Mean Annual 4 
Rainfall 3 

10-15 in z' 
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design of structures that he builds for the control of water, he must 
provide against damage or failure from floods or excessive erosion. 
Many flood-flow formulas have been derived for various sections of the 
world. Some of these apply only to metropolitan areas for use in connec¬ 
tion with the design of airports and storm sewers where the water from one 
storm is usually cleared away before the o(‘currence of a second storm or a 
maximum flow is reached, usually in less than 2 hr. after the beginning of a 
st orm. 

Within proper limitations the intensity of rainfall in inches per hour 
{i) for the type of watershed usually encountered in water-supply studies 
may be expressed as 


wluu’e r* - a coefficient 

n — an exponent whos(‘ values depend upon locality 
/ = duration of the rainfall, min. 

Fre(|uen(*y of occurrence may be included in the formula by changing it to 
the expression 


KT' 


(2) 


wh(*re K = a coefficient tlie value of whieli depends on locality 

= a fre(pi('ncy factor indicating average' frecpu'ncies of once' in 
T ye'ars 

The value of the (‘xponeml x depends upon locality.^ 

Table *M\ gives illustrative value's of the coefficicnits and exponents that 
have beein dete'rrnine'd by Merrill J^ernard from rainfall studies in several 
Icx'alities.*^ The Bernard formula is empirical and there'forc must be used 
Aviscly for eleteTminations (jf actual rainfall-runoff relations. 

126. Rate of Rainfall on a Drainage Area. The avc'iage rate of rain¬ 
fall over a large drainage area is usually dete'rmined from observations at 
a number of widely separated stations. The reports from the stations 
are usually not in agreement. Thic'ssen’'* has devised an accepted method 
for averaging sucli observations into a gent'ral average applicable to the 
entire drainage area. The method is best explained by the solution of an 
example. 

' Ukunari), M. M., “ Kormulas for Rainfall Intensity,’' Trans. A.S.C.E.j Vol. 96, 
p. 592, 1932. ('harts for K and n are shown in this reference. 

» Ibid. 

*Thiksskn, a. K., “The Precipitation AveraRcs for Large Areas,” Monthly 
Wmthvr Rev.y .Inly, 1911, p. 1082. See also Horton, R. E., “Deterniining the Mean 
Precipitation on a Drainage Area,” Jour. Neir Engl. Water Works Assoc.j Vol. 38, 
p. 1, March, 1924; Rklknvp, J. B., “A Comparison of Methods for Determining the 
Areal Mean Precipitation on Drainage Areas,” Jour. New Engl. Water Works Assoc., 
Vol. 46, p. 272, 1932. 
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Table 36. Illustrative Values of (Coefficients and I^xponknts in the P'ormi^la 
i « i^AST OF 103d Meridian 



A' 


1 

\ 




X 

j 


Kegion 



< -= 5 to 




I = 5 to 

< = 60 to 

1,440 miti. 

< “ 5 to 

t - 60 to 


60 niin. 

1,440 mill. 


60 min. 

1,440 nan. 

New England. 

5..5to 8.5 

15 to 35 

0 19 to 0.23 

0.44 to 0.45 

0.70to0.80 

North Atlantic. 

8.5 to 9.0 

35 to 45 

0.17 toO.23 

0.43 to 0.44 

0.79 to 0.82 

Middle Atlantic. 

9.0 to 9.5 

45 

0.19 io0.21 

0.41 toO.42 

0.79 to 0.82 

Southeast. 

10.0 to 11.0 

40 to 60 

0.16 to 0.19 

0.38 to 0.42 

0.78 to 0.82 

Ohio Basin. 

8.0 to 9.0 

45 to 60 

0.16 to 0.19 

0.41 to 0.42 

0.78 toO.88 

Upper Mississippi. 

8.5 to 9.5 

40 to 45 

0.17 IO0.20 

0.43 to 0.47 

0.78 toO.85 

Lower Mississippi. 

9.0 to 11.0 

40 to 50 

0.15 to0.17 

0.39 toO.42 

0.70 to 0.80 

Missouri llivor. 

7.5 to 10.o' 

45 to 00 

0.19 to 0.20 

0.44 to 0.47 

0.78 to 0.90 

Southwest Mississippi.., 

7.5 to 9.5 

40 to 60 

0.18 toO.22 

0.41 to 0.44 

0.75 t..0.87 

W^cstern Gulf. 

7.0 to 11.0 

40 to 65 

0.17 toO.23 

0.38 to 0.40 

0.70 to 0.8:1 


Let Fig. GO represent a drainage area with rainfall observation stations 
at A, C, D, and E. Lines are drawn joining tlK‘ points of oi)S(‘rvation, 
and perpendicular lines are erected that bisei't the bases of the triangles 
thus formed. The areas that are to 
be allotted to each multiplii'd by the 
rate of precipit-ation observed at its 
corresponding station and divided by 
the total area of the watershed will 
give the approximate average rate of 
rainfall over the watershed. 

127. Disposal of Precipitation. 

The precipitation that reaches the sur¬ 
face of the earth is dis])osed of in two 
ways, viz.j stream flow and losses. 

The stream-flow portion divides into 
surface flow and percolation. Kun- 
off derived from ground water is 
sometimes called ‘Tiase flow^^’ or 
‘ ‘ sustained flow^” The characteristics 
of the flow in a stream are griNitly affected by the relative amounts oi 
w’atcr derived from surface flow' and ground-w^at,er flow. If the greater 
I>art is surface runoff, the flow' will tend t-o be regular and well sustained 
even through drought periods. ^ Table 37 lists the physical factors affect¬ 
ing precipitation and its disposal. 

' The separation of stream flow into surface- and ground-water components is 
frequently of (‘onsiderahlc importance in hydrological studies of water-supply prob¬ 
lems. A discussion and bibliography is contained in U,S. GM. Survey, Water Supply 
Paper 772, pp. 111/., 1936. 



FI a . 0 0. — 1 )ijiKrain of driiinuKC 

area uith rainfall ohhcrvatioii KUition.s at 
A, H, (\ D, and E. 
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The losses may i>e classed as evaporative losses and deep seepage. 
I'he evaporative losses include direct evaporation from water and land 
surfaces, transpiration and, interception. Deep seepage comprises the 

Tabi.k 37. —FA(’T(m.s Affectino Stream Flow^ 


Fa(*tf)r Remarks 

IVeeipitation. The amount of rain or snow, its distribution 

throughout the year; the intensity and manner 
of its oeeurrenee; the eharaeter, extent, direc¬ 
tion, and duration of storms 

Temperature. Variations. The relation of temperature vari¬ 


ations to the oeeurrene(' of precipitation. The 
aeeumulation of snow and ice due to low tem¬ 
perature. The exist(‘ne(* of frozen ground at 
the time of heavy rains 


Topography.The slope and the character of the area, whether 

rough or smooth 

(leology. Relative irnperviousness and the depth, slope, 


and thickness of surface and substrata. The 
character of the outh't of pervious strata 
whether emptying into this or other water- 
sh(*ds. The r(‘lativ(‘ impcTviousness of the 
chaniK'l of tlu' stream. The presence of sand 
and grav(‘l in the bottom of th(‘ channel 

(I round surface. Kxtent, character, and state of cultivation of 

vegetation 

Natural storag(‘.bakes, ponds, swam})s, marsh(‘s. Porosity of 

surface and substrata and ability to store 
water 

Watersh(‘d.Its size and shape. Prevailing winds. Direc¬ 

tion relative* to path of storms. Relation to 
mountains. Proximity to ocean or large lake. 
CUaciers or snow-capped mountains 

Character (»f stream and tributaries Slope; falls and rapids; pondage; regimen of 

channel, .\rrangement of tributaries—join¬ 
ing the main stream at various points along 
its course or concentrated in fanlike arrange¬ 
ment at a common point of discharge 

Artificial control of the stream. Dams and storage reservoirs. Dikes, levees, 

piers, abutments, and other encroachments 

Wind. Intensity, direction, and modification by moun¬ 

tains and forests 

Ice evaporation. Winter conditions. Clorges and floods. Tem¬ 

perature, humidity, wind, and other factors 
1 SugRPMted by 8umniary in Univ. Wia., Bull. 425, by D. W. Moad. 


rainfall that is lost to a given drainage area through seepage to a deep 
underground reservoir or by escape, through subterranean channels, to 
another drainage area. Rainfall that infiltrates into the soil and later 
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appears as ba^ flow in the surface-drainage system of the watershed on 
which it falls is not considered a loss. 

The Quantitative evaluation of the amounts of evaporative losses is 
extremely complex. T.he rate at which evaporative losses occurs is 
dependent upon many factors. It may, and usuaUy does, vary within 
very short intervals of time as the controlling factors change. 

128. Evaporation from Water Surface. Direct evaporation from 
water surface is influenced by temperature, barometric pressure, mean 
wind velocity, vapor pressure of saturated vapor, and vapor pressure of 
saturated air. Direct evaporation from land surfaces is aflected by the 
same factors plus effects due to the character of the surface, the culture 
thereon, the topography, and others. 

Several formulas have been developed by experimenters in different 
parts of the country for evaporation from water surfaces. One of the 
most useful for general application is that proposed by Rohwer.^ In a 
slightly modified form the formula is 

E = C(1.4()5 - 0.0186R)(0.44 + 0AlSW){e. - ca) (8) 

where E = evaporation, in. per 21 hr. 

C = a coefficient 

B = mean barometer reading, in. of mercury at 32®I\ 

W = mean velocity of ground wind or waier-surfac(‘ wind, rn.p.h. 
= mean vapor pressure of saturated vapor at temperature' of 
water surface, in. of me'rcury 

Cd = mean vapor pressure of saturated air at dew point, in. of 
mercury (see Table 38 and note) 

The formula was derived from observations of the ewaporation from pans. 
The coefficient C is used to correct the formula for reservoir evaporation. 
An average value of C is about 0.75. Valuable digc'sts of available 
evaporation data are contained in a symposium on ‘‘Evaporation from 
Water Surfaces” by Carl Kohwer and Robert Follansbee^ and “Evapora¬ 
tion from Lakes and Reservoirs'' by Adolph Meyer.'^ Representative 
\'alues of the amount of evaporation selected from this symposium are 
given in Table 39. 

Example: Find tin* daily evaporation from a reservoir water surface whc3n the* 
lollowing conditions prevail: elevation above sea level, 475 ft. Hi = 29.51 in.); air 
temperature, 68°; water temperature, 72°; wind velocity, 2 rn.p.h.; relative humidity, 
0 . 68 . 

Solution: 

E = 0.75 (1.465 - 0.0186 X 29.51)(0.44 -f 0.118 X 2)(0.785 - 0.68 X 0.685; 

= 0.75 X 0.916 X 0.676 X 0.319 = 0.148 in. per day 

> r.N. Dept. Agr. Tech. Hull. 271, 1931. 

2 Trans. A.S.C.E., Vol. 99, p. 673, 1934. 

Published by the Minnesota Resources Ck)mmission. 
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129. Evaporation from Land Suiface. The rate of evaporation from 
a land surface is affected by the same factors as evaporation from a water 
surface; in addition it is affected by the character of the surface, the 
culture thereon, its topography, the amount of water in or on the water¬ 
shed, soil moisture, and other factors. The difficulties of expressing rates 
of evaporation from land surfaces with precision are, therefore, great. 
Various investigators have studied and reported their observations. 


Tablk 38.—Presm re of Saturated Water Vapor at Different Temperatures* 


Air ternpprat urc, 

Vapor i)r(‘ssuro, 
in. of iruTcury 

Air teinp(‘raturo, °T. 

Vapor pressure, 
in. of inereury 

0 

0.03S3 1 

50 

0.360 

5 

0.04<>1 1 

55 

0.432 

10 

0.0031 

60 

0.517 

15 

0.0810 

65 

0.616 

20 

0.103 

70 

0.732 

25 

0.130 

75 

0.866 

30 1 

0.164 

80 

0.926 

35 

0.203 

85 

1.201 

40 

0.247 i 

90 

1.408 

45 

0.298 

95 

1.645 



100 

1.916 


1 U.S. Weathei Bureau, BuU. 

Interpolations in this tal»l<- do not tfhe exact ^aluos hyt are suflu i«*ntK aet mate for oidinan ealeu- 
latiouH. VuIueH of tn in the Hohwei foimula nia\ he deft' mined fioiii thih lahle. Values of ea arc 
detcimined inultipl.MnK tahulat xulues hy the relatne huimditj. 


Thorntliwaite^ jiroposes a formula as follows: 

7 / _ ~ r 2)(?/2 — Vl ) 

T + 459.4 

where E = evaporation, in. per lir. 

Cl and 62 = vapor pressures, in. of mercury at the lower and upper levels, 
rcsiiectively 

U\ and U 2 = wind velocities, m.p.h. at lower and upper levels, respectively 
T = temperature, 

A summary of some of the results of studies of evaporation from 
various land surfaces is presented in Table 40. The students and the 
engineer must base their conclusions for design on data similar to those 
presented in this table. A diagram prepared by Meyer for the purpose of 
indicating the relation between evaporation from land surfaces and other 
factors is shown in P'ig. 61. 

* Monthly Weather Rev.^ January, 1939, p. 6. 




Table 39.—Reservoir Surface Evaporation^ 
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1 Data by Robert Follanabee, see Trans. A.S.C.E.^ Vol. 99, p. 708, 1934. 

* Evaporation from widespread water surface = coefficient for pan X measure^i e\ aporation from pan. 
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130. Transpiration, Consumptive Use, and Interception. Transpira¬ 
tion and consumptive use have been defined by the Committee on 
Absorption and Transpiration of the American Geophysical Union as 
follows:' 

Transpiration, The process by which water vapor leaves the living 
plant body and enters the atmosphere. 

Table 40.— Kvaporation from Land Surfaces^ 

Relative Rates of 


C:haraet(*r of Surface Evaporation * 

Bare ground. 1 .OO'* 

Grain fields. 0.80 

Grassland. 0.70 

Light forests. 0.60 

Dense forests. 0.2 0.4 


* Meykk, Adolph F., “KlcrnontB of Hydrology,” p. 244, John Wiloy & Sonb, Iru*., Now York, 1928. 

* The total annual evaporation depends not only on the rate of evaporation hut also on the available 
moisture. Meyer (ihtd., p. 246) has oonoludeil that the annual water Iohnoh from rainfall, ineluding 
evaporation, intoreeption, and transpiration, do not differ widely, irrespeetive of whether the ground 
surfaee is covered by cultivated grains, grass, brush, or forest giowth. 

* For saturated soil the rate of evaporation may he taken tlie same as for free water surface. 

Consumptive I ^se. The (piantity of water per annum used by either 
cropped or natural vegetation in transpiration or building of plant tissues 
together with wat(T evaporated from adjacent soil, snow, or from inter¬ 
cepted precipitation. 



0 10 20 30 40 50 60 70 80 90 80 70 60 50 40 30 20 10 0 

Tern perd tu re, deg. F. 

Jdnuciry to July August to December 

Fig. 61.—Evaporation from land areas for various temperatures and rates of rainfall. 
{From A. F. Meyer, Trans. A.Ii.C.E. Vol. 79, p. 1099, 1915.) 

Interception is the amount of water per annum caught by vegetation 
(or structures) which is evaporated before reaching the ground. 

The definition for consumptive use includes all the water losses from 
land areas and is of greater convenience to the water-supply engineer than 
' Trans. Am. Geophys. UnioUy Part II, p. 286, 1935. 
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the separate consideration of the three items of transpiration, soil evapora¬ 
tion, and interception that compose it. Many factors influence the 
amount of consumptive use; they include temperature, depth of water 
table, and kind of vegetation. A number of experiments have been and 
are being carried on to determine the amoum of consumptive use, 
Certain cropped areas in the West show values of 1.2 to 3.0 acre-ft. per 
acre per year.^ 

Taylor^ states: 

In Southern C^alifornia loss of water by transpiration and evaporation (con¬ 
sumptive use) from areas of native vegetation ranges from as low as 1 acre-ft. 
I)er acre per year or less to as high as 6^2 acre-ft. per acre |X'r year. The lower 
value applies to areas dependent entirely on rainfall; the higher value applies to 
moist ar(*as with the water table at or close to the surface throughout the year. 

Values as high as 9.03 acre-ft. per acre per year have lieen found for th(‘ 
consumptive use of tides and cattails. The use of water by vegetation is 
sometimes stated in terms of percentage of use compared with evaporation 
from open wat(T. Table 41 gives a few such values. The values 
presented here are intended only to indicate a scale on the amount of loss 
by consumptive use. They should not be used without consultation of 
the literature on the subject. 

131. Infiltration. Since 1935, a great deal of scientific knowledge 
regarding infiltration has come to light. This has come about largely 
through the Jiesearch Division of the Soil Conservation Service and 
private investigators as Horton and Horner. As previously stated, no 
runoff occurs until the rainfall rate exceeds the rate at which a soil can 
absorb moisture. After a long dry period the infiltration capacity of a 
soil is at its maximum. This capacity is reduceil during a single storm, 
and its recovery is rather slow^ between storms. Thus the effect of 
antecedent storms is important, especially when the time interval bet wwn 
storms is relatively short. 

The phenomenon of infiltration is usually beneficial to water supplies 
for two principal reasons: (1) by reducing immediate runoff, thus tending 
to reduce flood flows, and (2) by providing underground storage, wdiich 
tends to increase the base flow^ and hence the dry-weather flow^ 

^ '‘(V>nsviniptive Use of Water in Irrigation,” Trans. A.S.C.F.j Vol. 94, p. 13JK), 
1930. 

^Taylor, C\ A., '‘Transportation and Evaporation from Areas of N ative Vegeta¬ 
tion,” Trans. Am. Geophys. Union, 1934. 

’Bibliographies may be found in Trans. Am. Graphys Union, 1932 1940. See 
also Meyer, A. F., “Elements of Hydrology,” John Wiley & Sons, Inc , New ^'ork, 
1928; Trans. A.I^.C.E., Vol. 79, pp. 1094-1097, 1914; Horton, R E., Monthly Weather 
Rev., September, 1919. 
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An understanding of the infiltration phenomenon is very valuable in 
the study of the probable yield of a watershed for probable maximum 
flood flows and also for maximum, average, and minimum available water 
supply. With adequate knowledge of the fluctuations of infiltration 
capacity under varying storm conditions, an engineer may arrive at very 
close approximations of probable runoff for a particular storm or for a 
scries of storms. Infiltration capacity is usually measured in terms of 
inches per hour. The details of the techniques to be employed are 
beyond the scope of this book, but the student is strongly advised to 
familiarize himself with the literature pertaining to infiltration. A brief 
bibliography is given in the footnote.^ 

132. Rainfall-runoff Relations. The principles of hydrology are 
applied more frequently in waterworks practice to the study of stream 
flow than for any other purpose. As previously stated, the runoff is the 
residual of rainfall after the deduction of losses. Many formulas have 
been devised in an attempt to establish a relation between rainfall and 
runoff. Such formulas should be used with great caution; they may give 
reasonable values for conditions for which they were derived, but they are 
almost certain to give erroneou.^ results when applied indiscriminately. 

The rational method is useful, in the hands of an experienced engineer, 
for estimating peak flous from a drainage area for which rainfall records, 
but no stream-flow records, are available. The formula used is 

Q = CiA (4) 

where Q = discharge, c.f.s. 

O' = a coefficient whose value depends upon losses due to infiltra¬ 
tion, evaporation, and transpiration, soil characteristics, and 

iMusc.RAVK, bRowNiN(J, ?uid Frkk, ^‘Rclativo Infiltration and Related Physical 
(’haracteristics of Certain Soils.” V.S. I)<pt. Agr. Tech. Hull. 729, July, 1940. 
Sherman, L. K., “Derivation of Infiltration (’apacity (/) from Ixdsh Rates (fav.) 

Macoupin Rasin, Illinois.” Trans. Am. Geophys. Vnion^ Part II, 1940, p. 541. 
Sherman, L. K., “Comparison of f-curves Derived by the Methods of Sharp and 
Iloltan and of Sherman and Mayer,” Trans. Am. Geophys. Uninjiy 1943, p. 465. 
ZiNOO, A. W., “The Determination of Infiltration-rates on Small Agricultural Water- 
fihf'ds,” Trans. Am. Geophys. Vnion^ 1943, p. 475. 

Kohler, Karl O., Jr., “Land-use and Vegetative Ckiver as Factors Influencing 
Runoff,” Trans. Am. G(ophys. Union, Part I, 1944, p. 40. 

Sherman, L. K., “Infiltration and the Physics of Soil-moisture” Trans. Am. Geophys. 
Union, Part 1, 1944, p. 57. 

Lenz, Arno T., “Checking Runoff by Use of Inflow and Outflow Volumes,” Trans. 

Am. Geophys. Vnam, Part VI, 1944, p. 1011, 

Horton, Robert E., “Infiltration and Runoff during the Snow-melting Season, 
with Forest Cover,” Trans. Am. Geophys. Union, Part I, 1945, p. 59. 

Hobbs, Harold W., “Runoff B<*havior of Small Agricultural Watersheds under 
Various Land-use Practices,” Trans. Am. Geophys. Union, No. 1, 1946, p. 69. 
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all other variations in contributions of rainfall to surface run¬ 
off in given area 

i = intensity of average rainfall in inches per hour for a duration 
equal to concentration time of drainage area 
A = area of drainage basin, acres 

It is apparent that the dependability of the method hinges upon the 
accuracy of the data and assumptions from which C and fare determined. 
The intensity of rainfall for a given duration is discussed in Sec. 125. 
The duration of rainfall is affected by the time of concentration, \vhi(*h 
depends upon the velocity of flow in the stream and hence upon the slo^>e, 
roughness, and shape of the watershed and water channels. Apparent 
velocity may be increased by 30 to 50 per C(‘nt in the main channel owing 
to the more rapid rate at which a flood wave may mo\'e so that the con¬ 
centration time and, therefore, the duration may be reduced. 


Tablk 41. — PiiopoR'i’iON or Water Ketcrned to Atmosphere as (’omparkd with 
Evaporation from Open-water Sthface’ T\kkn as 100 per Cent 


VegptatioH covering 

Katio of water 
return(‘(l, | 

! 

1 Vegetation (»ov< ling 

llatio of wat(*r 
returned. 

1 

.S<)d . 

per cent | 

102 

1 _ _ . 

1 Mixed crops. 

j)(‘r cent 

144 

Small grass. 

173 

1 bare soil.| 

(K) 

Forest. 

151 




> CriMlitfd i(» , KaiisiiM Hoanl of AKii<*ultur<*; Tinn». A.S.C.K., Vol. O'J, i». 51, 

lUM. 


The value of C repres(*nts the portion of tlu* rainfall that finds its way 
into the surface stream, h'or example, if a rain having an average 
intensity of 2 in. per hr. falling on an an*a of 10 acres produces a runoff of 
10 c.f.s., C would have a value* of 0.5. 

It may be desirable to consider freepiency in conn(*ction with the 
studies of peak flow'. If so, the following formula is sometimes used: 

C = C..,.. (5) 

where T is the average number of years betw^een occurrence's of runoff of a 
given magnitude and x is an exponent dc'pending on locality (see Table 
30). 

Values of may be greater than unity as a result of a w arm rain 
falling on a snow-covered w'atershed. Values of 1.70 have been observed. 
In the United States east of the 100th meridian, values of will sel¬ 
dom go below 0.50. 








]2H wa ter supply engineering 

The best method of determining the relation between rainfall and 
runoff is by a bookkeeping” process. This method consists of calculat¬ 
ing runoff by subtracting the summation of net losses from the total rain¬ 
fall supply. The formula is 

where R — runoff 

P — precipitation 
L — losses' 



Fig. 62.— Unit h>drographs for Susquehanna Iliver at Towanda, Pa. {U.S. Geol. Survey, 

Water Supjdy Paper, 772.) 

133, Graphical Presentation of Runoff Data. Graphical methods 
useful in water-supply engineering for presenting runoff data include the 
hydrograph, the mass curve, and the unit hydrograph. 

‘ An oxainplo of this procedure is given by Uursh, Hoover, and Fletcher, ^‘Studies 
in the Ualan(*ed Water Economy of Experimental Drainage Areas,” Trans. Am, 
Geophys. Vmon, 1942, p. 509. 
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The hydrograph shows a chronological listing of stream flow. The 
abscissas are in units of time, and the ordinates either gage height or 
discharge. The part showing a rise in gage height or discharge is known 
as the ‘ rising limb'' and the falling part is known as the ‘'recession limb.” 
The highest point is called the “oeak.” Ordinarily the slope of the 
risjpg hmb is steeper than the slope of the recession limb. The hydro¬ 
graph may also show the base flow or that part of the stream flow derived 
from ground water. Ilydrographs are shown in Figs. (>2 and 93. 
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1 Hi. 63.—Ma.ss curve of total runoff from W^achuwett Iteservoir Watershed, corrected for 
20 per cent A\ater surface. Note: All rates are in nallons per day per .scpiare mile. 


The mass curve is the integral of a discharge hydrograph. 'iIh' 
abscissas are in units of time and the ordinates, the volume of water which 
has passed the station during a given period. Mass curves are shown in 
1^'igs. 03 and 93. 

The unit hydrograph, such as the one shown in Fig. 02, is a useful 
device that was first presented by L. K. Sherman in 1932. It is a curve 
that shows the rate of surface runoff resulting from rainfall within a unit 
of time. It is predicated upon the hypothesis that in a given basin the 
runoff occurring in a unit of time will produce hydrographs of similar 
pattern having equal bases and ordinates. In the hands of an expert, it is 
a most effective instrument, but a thorough understanding of its advan¬ 
tages and limitations is necessary and extremely important. A (complete 
explanation of its use is beyond the scope of this book. The student is, 
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therefore, referred to the selected bibliography^ of the published 
data given herein. An example of a unit hydrograph is shown in 
Fig. 62. 

134. Droughts. Droughts are defined^ as periods during which 
precipitation is less than 85 per cent of the mean. They are ordinarily of 
greater importance to the water-supply engineer than the effect^of 
unusually heavy storms. Available amounts of surface supplies and 
ground-water supplies may be seriously curtailed by drought. The 
effects of a drought, as defined, on available water supplies in an area 
having a low mean rainfall are apt to be much more serious than in an 
area having a high mean rainfall. Drought effects may continue long 
beyond the period of deficient rainfall as a result of the depletion of 
ground-water storage. The severity of a drought is increased greatly 
when high tempc^ratures prevail over the affc'cted areas. Unprecedented 
droughts prevailed over many sections of the United States from 1930 to 
1934. The experiences of that period indicate what can liappen and 
therefore have done much to emphasize the need for the careful analysis of 
the problems involved in predicting the minimum dependable supply.-^ 
Attempts have been made to demonstrate the existence of cyclical 
regularity of low and high precipitation, hut the results in most cases arc 
too vague to be dependable for forecasting purposes. 

* Ukknaki), Mkrru.l, ‘‘All Approach to Determino Stream Fhm,” Tratts. A.SX\E,^ 
1935, p. 347. 

boKton Society of Civil Engineers “Ueport of CVimniittee on Floods,” Jour. Horton 
Soc. Civil Eng., S(‘ptemher, 1930. 

Bratkr, E. F., “The Unit Hydrograph Principle Applied to Small \\ ater-shcMls,” 
Proc. A.S.C.E., Septendier, 1939, p. 1191, discussion January, H(‘port, 1910. 
(^)iiLiNS, W. T., “Runoff Distribution (Iraphs from Precipitation Occurring in More 
Than One Time I’nit,” Civil Erig.y September, 1939, p. 559. 

Horner, W. W., and F. L. Flynt, “Runoff from Small UrVian Areas,” Trans. A.S.C.E., 
1930, p. 140. 

Hoyt, W. G., and others, “Rainfall and Runoff Relation,” V.S. Geol. Sunwy, Water 
Supply Paper 772. 

Mi’Cahthy, Gerald T., “The Fnit llydrograph and Flood Routing,” F.S. Engineer 
Office, Providence, R. I., revised Mar. 21, 1939. 

Sherman, I-i. K., “Stream Flow from Rainfall by the I^nit-graph Method,” Eng. Xews^ 
Record, Apr. 7, 1932, 1 )iscussion.s Eng. \ews-Ricord, .\ug. 25 and Sept. 1, 1932. 
Sherman, L. K., “Relation of llydrographs of Runoff to Size and Character of Drain¬ 
age Basins,” Trans. A?n. Geophys. Union., 1932. 

Sherman, L. K., “The Hydraulics of Surface Runoff,” Civil Eng., Mar. 10, 1940, 
p. 165. 

Snyder, Franklin F., “Synthetic ITiit Hydrographs^” Trans. Am. Geophys. Union, 
Part I, pp. 447-454, 1*938. 

* Harrold, L. I^., “Frequency, FIxtent and Severity of Droughts,” Eng. News- 
Record, Vol. 114, p. 978, 1935. 

* See U.S. Ge(d. Survey, Water Supply Paper 772,. 1936, pp. 255-268. 
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136. Runoff Records. Records of stream flow are available in certain 
federal and state publications, and often reliable private records may be 
obtained from power companies and water companies. The water-supply 
papers of the U.S. Geological Survey are the chiei source of general 
information, although many states publish records serially or annually. 

136. Flood-flow Estimates. The rational method may be used to 
estimate possible maximum flood flows. Other empirical formulas that 
do not involve the rainfall factor are also used. These formulas may be 
used to advantage in areas such as parts of the western United States 
where very limited basic hydrological data are available. The formulas 
are based on measured flows and are of the form 

Q = CM'i 

or discharge in cubic feet per second ecpials a coeflicient C times a power 
q of the drainage area Af, in square miles. 

The modified Myers formula^ 

Q = 10,000/> Vm 

where p is a variable percentage coefficient expressing the ratio of the 
maximum flood for a given stream to an assum(‘d maximum for all 
streams. The discharge q in second feet per square mile is given as 

_ ]0,000p 

^ Vm 

The percentage p that applic's to any par(i(‘ular r(‘gion is termed 
the ^^Myer rating^^ for the area. The maximum My(T rating for the 
eastern part of the United States is rarely more than 60 per cent. Rat¬ 
ings for more than 900 streams an* given by .Jarvis.- 

The unprece(l<*nted floods of 1936 in New England and of 1937 in the 
Ohio Valley have added to the experience of engineers and have empha¬ 
sized the caution that must be exercised in the design of structures. 

A discussion of methods for estimating flood flows and also data on 
maximum floods may be found in U.aS. Geological Surveyy Water Supply 
Paper 771, 1936. Methods'* involving probability of magnitude and 
occurrence of rainfall and flood flows derived from statistics of records 
are sometimes used. Water Supply Paper 111 also contains several 
discussions on the value of these methods. 

1 Jarvis, C\ S., Flood Flow Characteiistics,” Trans, A.S,C.E,, Vol. 89, p. 994,1926. 

* Itnd.j pp. lOOSjT. 

^ Hazen, Aelen, “Flood Flows,” .John Wiley & Sons, Inc., New York, 1930; 
Foster, H. A., “ Theorc*tieal Frequency Curves,” Trans. A.S.C.E.y Vol. 88, p. 142, 
1924; ClooDRicH, R. D., “Straight Line Plotting of Skew Frequency Data,” Trans. 
A.S.C.E.y Vol. 91, p. 1, 1927; Pettis, C. R., “Long Range Flood Predictions,” Eng. 
Xews-Recordy Vol. 116, p. 871, 1936; Fuller, W. E., “Flood Flows,” Trans. A.S.C.E.y 
Vol. 77, p. 564, 1914. 
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137. Purposes. Dams^ may be used in waterworks to form impound¬ 
ing, storage, or distril)uting reservoirs or for the control of stream flow. 
Control dams, som(*times called ^^diversion dams,^’ are used to raise the 
water level of a stream enough to provide gravity transportation of water 
to pumps or reservoirs, to maintain adequate submergence over intakes, 
or to provide a suitable depth of water in the suction well of a pumping 
station. 

It is necessary to obtain a permit from the federal government for the 
construction of a dam across a navigable stream and, in view of the 
New River Decision'^ by the United States Supreme (^ourt, it is apparent 
that this stipulation includes any tributary to a navigable stream. In 
some states it may be necessary to obtain both a federal and a state 
permit. 

The safety of t he dam is usually of vital importance^ to the \\ aterw orks 
that depends on its functions for the source' of water. 

138. Types. Dams may be classifie'el accoreling tei the materials of 
construction, as earth, including reilk'd till, hydraulic fill, and semihydrau- 
lic fill; rock fill; rock-filled timber crib; maseinry, ine*luding stone, plain 
concrete, and reinfeirced concrete; timber; and steel. They may be 
classified also in ae*cordance with the basis em which they resist external 
stresses, as solid gravity, including straight, curved, and arched dams; 
hollow gravity, including slab and buttress, multiple arch, and multiple 
dome; and arch, including con^tant angle and constant radius. 

139. Dam Sites. Topographically a dam to create a reservoir should 
be located where it can be constructed high enough to store the water 
needed. Methods for determining this height are discussed in Sec. 198. 

The site must be carefully studied geologically. Foundation explora¬ 
tions are made by test pits and by drilling methods, some of which are 
explained in Uhap. V, The character of the material encountered is 
studied from the standpoint of its composition, structure, stratification, 
permeability, and bearing power. Guided by the results of subterranean 
explorations and by observation of surface conditions, a competent 

* See also Treager, W. P., J. D. Justin, and Julian Hinds, **Engineering for 
Dains,*^ John Wiley & Sons, Inc., New' York, 1944. 

*See Jour, A.W,WA.^ February, 1911, p. 315. 
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geologist may determine the presence of fault planes and the probability 
of movement upon them. He also will give valuable advice concerning 
the suitability of the foundation materials in the mat ter of the effect upon 
them of weathering, erosion, and immersion. Intelligent application of 
the principles of soil mechanics is indispensible to the proper design of 
many dams. Especial care in the selection and preparation of the 
foundation is of vital importance to the safety of a dam. 

140, Porous Foundations. Dams are saf(»ly constructed on porous 
foundations, the weight of the structure jind the downstream apron being 
sufficient to resist uplift indicated by the ''flow net” and the impervious- 


Wafer surface BI400 



iies^ of the material of the foundation being sufficient to prevent "piping.” 
The flow net is a diagram composed of lines of equal pressure in a porous 
medium. A typical flow net is illustrated in Fig. 64. The rate of flow 
along lines A, i^, and C is fixed by the hydraulic gradient, or the distance 
between lines of ecjual pressure potential. This distance can be increased 
by the construction of cutoff walls or by increasing the length of the apron. 
It is generally better to increase the length of the upstream apron since 
the weight of the water over it aids in overbalancing uplift pressure. If 
the velocity of flow is sufficiently great to move underground material, 
piping is taking place. This is most likely to occur along the "line of 
creep,” z.c., the line of contact between the dam and the foundation, 
because the resistance to flow" is least along this line. The breaking of 
contact betw^een the dam and its foundation is called "roofing ” 

EARTH DAMS 

141. Earth Dams. Earth dams can be designed and constructed 
safely if proper attention is paid to important details. Some causes of 
failure of earth dams are summarized in Table 42. In a list of 35 failures 
given by Creager, Justin, and Hinds, ^ foundation failures account for 4, 
^ Crlaglr, Justin, and Hinds, loc, cit. 
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poor embankments for 8, inadequate spillways for 6, piping for 11, 
seepage along masonry or rock for 4, animals for 1, and broken outlet for 1. 
Each cause may be attributed to lack of attention to a detail in design, 
construction, or maintenance. 


Table 42.— Cai ►ses of Failtires of Karth Dams/ 1799-1931 


Cause 


Number 
of failures 


Percentage 
of total 


Inadequate spillway. 

Inadequate cut offs. 

Improper compaction. 

Slopes too steep. 

Inadequate stream control during 

construction. 

Improper selection of materials.... 

Earthquakes. 

Other miscellaneous and undeter¬ 
mined . 


52 

30 

8 

6 


5 

ir> 

3 

34 


159 


33 

22 

5 

4 

3 

10 

2 

21 

100 


* IIiNDKiiUDKii, M. C., “ NccrHHity for, and Ponaltioh for Lack of, Supci vision,” Trans. A.S.C.E.. 
Vol. 98, |>. 83«, 1933. 

Earth dams may bo classifiod in accordance with tlu^ methods of their 
construction as rolled fill, hydraulic fill, or semihydraiilic fill. A rolled-fill 
dam is constructed by depositing the nr^aterial in layers, 4 to 12 in. thick, 
and compacting each layer by rolling. The material for hydraulic-fill 
dams is transported from t he borrow pit to the fill by means of a stream of 
water carried in a pipe or flume. 

Sections through typical earth dams are shown in Fig. (>5.^ These 
sections illustrate some of the important details to be considered in the 
design of earth dams. They include (1) embankment slope, (2) slope 
protection, (3) top width, (4) freeboard, (5) berms, ((>) (piality and 
location of materials in the embankment, cutoff walls, and core wall, 
(7) drainage of downstream face and protection of upstream slope against 
sudden drop of water level in the reservoir, (8) prevention of piping, and 
(9) prevention of roofing. 

Care in the construction of earth embankments as dams or levees to 
hold water must be emphasized, (^areless or ignorant work, permitting 
leakage, may result in a slow cumulative erosion of the embankment 
terminating in failure. Earth dams must be carefully built. 

142. Hydraulic-fill Dams. The embankment material for hydraulic- 
fill dams is sluiced or transported from the borrow pit to the fill by means 

'See also Kelso, A. E., “Water Supply Praetiee,” Jour. A.W.W.A., July, 1942, 
p. 984. 
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of a stream of water carried in a pipe or flume. A dike is maintained at 
the upstream and downstream faces, and the center is kept low, forming 
the central pool. The material is delivered from the sluices near the dikes 
and is allowed to flow toward the center. The heavier particles will be 
dropped first near the faces of the dam, and the finest will be carried into 
the central pool, thus pro(*uring a gradation of materials. The finest 
materials form the core, or the impervious central portion, of the dam. 
Excess water from the central pool is carried away through controlled out¬ 
let pipes, (^are is necessary to maintain the proper slopes from the 
outside toward the center in order to avoid high velocities or gullying, 
which might result in the coarse matt'rials being carried into the center. 

Slides occurring during construction or after completion, resulting 
from the high fluid pressures in the core due to the inability of the core to 
drain, are a source of danger in hydraulic-fill dams. Ilazen^ states that: 

To use thr» liydraulic method of dam construction successfully, it is necessary 
either to increase the to(‘s until they a?*e laige and heavy (uiougli to resist success¬ 
fully the fluid pressure of the core or else to handle the core material so that the 
finest particl(‘s are wasted, leaving only the large ones, and in that way increasing 
the grain size to a point where drainage can he s(‘cur(‘d, while on the other hand 
remaining sufficiently impervious for practical purposes. 

Semihydraulic-fill dams differ from hydraulic-fill dams in the manner 
by which the filling material is brought to the embankment. Means 
other than water are used to transport*the materials to the fill. Water, 
however, is used to classify and finally place the material. In general, 
the same principles apply as for hydraulic-fill dams. 

143. Embankment Slopes. JOrnbankment slopes may be governed by 
one or by all three of the following considerations: (1) stability of the 
material under all probable conditions of moisture content, (2) bearing 
power of the foundation material, and (3) the resistance of the soil to the 
percolation of water. 

It is unsafe to make generalized statements in connection with safe 
slopes for earth dams. The character and properties of materials and of 
foundations vary so wddely that each case must be considered separately. 
Ordinarily, for structures 25 ft. or less in height, stable embankments may 
result if the upstream slop(» is built not steep(*r than 2^2 horizontal to 1 
vertical and the downstream slope, 2 horizontal to 1 vertical. For 
higher dams, investigations should be made to determine:^ 

* H\znN, Allen, Hydraulic-fill Danis,” Trans. A.S.C.E., Vol. 83, p. 1713, 1919- 
1920. 

*Lee, (\ 11., “Selection of Materials for Rolled-fill Earth Danis,” Proc. A.S.V.E.y 
.‘^t'pteniher, 1936, p. 1025. See also Proc. A.S.C.E., December, 1936; January, 
February, March, and April, 1937. 
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1. Stability of soil against sloughing when saturated. 

2. Watertightness or resistance to percolation. 

3. Workability for construction operations. 

4. Solubility of mineral constituents. 

5. Bearing power of foundations. 

6. Reasonable cost of handling, in excavation, transportation, spreading, and 
compacting. 

Intelligent interpretation of laboratory tests recommended by engi¬ 
neers, expert in this field, should form the basis of final designs for major 
.Structures and questionable minor ones.^ 

144. Slope Protection. The slopes of an earth dam may require pro¬ 
tection against erosion from wave action and surface runoff and against 
burrowing animals. The effect of wave action may be eliminated or 
reduced by the placement of stone riprap, concrete slabs or blocks, or 
willow mattresses on the upstream slope. The protection should extend 
from the top of the dam to 5 ft. below the lowest expected operating level. 
In important structures where riprap or concrete is used, a shoulder, or 
berm, should be provided at the base of the prote(ttion. Downstream 
slopes may be protected from erosion by loose rock fills or by planting 
with vines, shrubs, or grass. Plants that develop long root structures, 
which might penetrate too far into the dam, should b(‘ avoided. For long 
slopes, a berm wide enough to accomodate an intercepting gutter should 
be supplied. Loose rock fills, concTete, wood, or ste(»l cores provide 
protection against burrowing animals. Fences may be necessary to keep 
grazing animals from destroying grass cover and making trails which 
become water channels during storms. 

146. Top Width. 1 "he minimum top width W for a height H may be 
determined from the empirical formula W = 2 y/H + 3. If a roadway is 
to occupy the top of the dam, a width of at least 2 ft. greater than the 
traveled way should be provided on each side of the road. 

146. Freeboard. Freeboard is the vertical distance from the water 
surface to the top of the embankment. This distance must be sufficient 
to prevent overtopping of the dam during high water, frost penetration, 
and damage due to wave action. The height reciuired to prevent over¬ 
topping is fixed by the height of water allowed over the spillway. The 
height required for safety against frost will vary from nothing in temperate 
climates up to 8 ft. or more in cold climates. The freeboard necessary to 
prevent overtopping by waves should be measured from the highest water 
elevation anticipated. This freeboard may be computed from Steven¬ 
son's'^ formula H ^ y/D + (2.5 ~ ^D) where H is the height of the 

‘‘‘Laboratory Procedure in Testing Earth Dam Materials,*' Bur, Redamatiorif 
Tech, Mem. 533, 1936. 

* Stevenson, Thomas, “Design and Construction of Harbors," 2d ed., Edinburgh, 
1874. 
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waves, or the added freeboard required, and D is the horizontal length of 
water exposure or fetchof the wind, in miles. 

147. Berms. A berm is a horizontal break in the slope of the sides of 
an embankment, as shown in Fig. ()5. Submerged berms are used on the 
upstream side of earth dams to support pavement and to increase stability 
of the structure. They may be used on the downstream side to interrupt 
the flow of rain down the face of the dam and also to increase the stability 
of the structure. When placed with a gentle slope parallel to the axis of 
the dam, the berm may serve as a roadway up the dam. 

148. Classification of Materials.^ Materials most readily available 
for the construction of earth dams and embankmemts are clay, sand, and 
gravel. Clay is practically impervious but is higlily absorbtive. When 
saturated it tends to be(*ome fluid, it is slow to drain, and its cohesive and 
frictional resistances are greatly reduced. It shrinks in drying and is 
subject to cracking. Sand and gravel are pervious, drain easily, and their 
angle of re]>ose, which is a measure of cohesive and frictional resistance, is 
not greatly affected by saturation. A mixture of gravel, sand, and clay, 
properly placed, forms a satisfactory material for an earth dam. 

Reduction in volume of materials due to settlement, shrinkage, 
compaction, and consolidation is an important consideration in the 
preparation of designs and estimates. Compaction may reduce the 
volume of loose mat(u-ials 25 or 30 per cent. An allowance of 5 per cent 
in height due to settlement is ample for dams in which ordinary care has 
be(»n exercised in the placing of the materials. 

In placing materials in the embankment the most impervious, except 
possibly the core wall, should be placed at the upstream face of the dam. 
The matei’ial of the dam may grow progressively rnoi-e peiwious from the 
upstream to the downstream face of the dam. In fact, it may be desirable 
to di'ain the downsti’eam part of an earth dam by placing drainage pipes 
in the embankimait, thus pi-eventing the accumulation of water in it with 
resulting danger to the structure. The seepage line, ?.c., the level of the 
water in the dam, should be kept low' on the downstream side of the core 
w'all. The class!ficat ion of mat erials in four earth dams is show n in Fig. 65. 

149. Core Walls and Cutoff Walls. A core w all, or core, is «a partition 
placed in a dam, usually near the center or toward the upstream face, to 
prevent or impede the ])assage of water or of burrow ing animals through 
the dam. An improperly placed core wall may endanger the safety of the 
dam by holding water in the structure, tlius materially decreasing its 
resistance to shear and sliding, and increasing the danger of the over¬ 
turning of the core w all. 

1 See also Lke, C. H., “Selet-tiou of Materials for Rolled-fill Earth Dams,” Trans. 
A.S.C.E., Vol. 103, p. 1, 1938. 
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Hollow, or cellular, cores have been used, as in the Sylvan Dam at 
Melbourne, Australia, to assure the dryness of the embankment on the 
downstream side of the core ^\aIl, to prevent overtopping of the embank¬ 
ment during construction, and for other reasons. A cellular core wall is 
constructed with hollow vertical chambers as close together as practicable 
in the downstream portion of the wall. The vertical chambers terminate 
at the bottom in a drainage tunnel which conducts the leakage away. All 
percolation through the downstream portion of the embankment is thus 
prevented. The hollow cylinders and the tunnel should be made large 
enough to permit inspection of the condition of the dam. 

Materials used in core walls include concrete, steel, wood, and puddk^ 
or puddled earth. Since stresses on a core wall (‘annot be computed 
without making uncertain assumptions concerning movements of the 
dam, the determination of the core-wall thickness is a matter of judgment 
based on experience. Concrete core walls with a top thickness of 12 in. 
and sides battered 1 horizontal to 100 vertical have proved gencTally 
satisfactory. The core wall should be sufficiently high to extend ai>ove 
the frost line in the dam. Some (*ores extend above the top of the earth 
embankment to act as a parapet and factor of satety. Dining con¬ 
struction the earth pressures on the sides of the coi'e '*an be lialanced by 
maintaining the rising fill at the same elevation on each side of the core 

Steel and wood are seldom used in coi'e walls except for temporary 
installations since the alternate wetting and drying of the upper portion 
of the structure exposes the steel or wood to active corrosion. 

Puddle is a definitely proportioned mixture of clay, sand, and water 
placed and tamped to form an almost impervious diaphragm. It may 
satisfactorily stop the flow^ of w^ater, but it is not a deterrent to burrowing 
animals. Puddle cores, usually placed at or near the (‘enter of the dam, 
as indicated by material A in Fig. (>5, are formcnl b}" placing a mixture of 
selected materials by a hydraulic j}rocess. Puddle cores have the advan¬ 
tage of flexibility and are less subject than concrete to rupture by unbal¬ 
anced forces within the fill. Care is ni'cessary in placing the core to 
avoid undesirable stratification of materials within it. 

A cutoff w^all is a low^ core or w^all extending from a short distance in 
the dam above the porous stratum on which the dam is found(‘d, down 
into the porous stratum to cut off flow through it. Such a w^all is shown 
in Fig. 06. 

160. Blankets. Blankets composed of a tough workable clay spread 
on the floor of the reservoir, under the fill or on the upstream slope, are 
often used to prevent or reduce seepage through or under an earth dam. 
For highly impervious material the thickness of the blanket should be at 
least 2 ft. Blankets are used when the expense of a core, by reason of 
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excessive depth, is too great and when they can be used advantageously 
instead of a core with material unsuitable because of its perviousness. 
To determine the thickness of blankets that extend upstream from the 
dam, the following formula is sometimes used: < = 2 ft. + 0.02d, in which 
t is the thickness in feet and d is the distance in feet from the upstream end 
of the blanket to the dam. A cross section of a dam provided with a clay 
blanket is shown in Fig. 60. 
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F’la. 66.—Method of providing imperviousness on porous foundations at Echo Dam. 
(Courtesy of U.S. Bureau of Reclamation.) 


161. Safety of Earth Dams. Earth dams, however carefully con¬ 
structed, have failed. Knowledge of the causes of failures may lead to 
their avoidance. A list of such causes is given in Table 42 and is dis¬ 
cussed in Sec. 141. 

MASONRY DAMS 

162. Masonry Dams.^ Masonry dams are classified according to 
type as: 


Solid gravity: straight, curved, or arch(*d. » 

Hollow gravity: slab and buttrohs, inultiplc-arch dome, and flat slab. 
Arch: constant angle and constant radius. 


Figure 67 shows four types of gravity dams designed for the American 
Falls site on the Snake River in Idaho. The gravity type was finally 
built. Dams may be further classified as storage and diversion and as 
overflow and nonoverflow. 

The gravity dam receives its name from the fact that the weight of the 
structure plus the weight of water on it is sufficient to resist the forces 
acting to overturn, shear, or slide the structure. A straight gravity dam 
is a dam whose lines, in plan, particularly the axis of the dam, are straight. 
Curved, or arched, gravity dams are synonymous in that they are curved 
in plan, either upstream or downstream, but they resist overturning due 
to their weight and not as an arch. Various other types of gravity dams 
are illustrated in Fig. 67. Hollow gravity dams when compared with 
solid gravity dams** require le.ss material, offer effective drainage, relieve 

'Sec also “Masonry Dams, a Symposium,” Traits. A.S.C.E.^ Vol. 106, p. 1113, 
1941. 

* See also Lewis, J. W., “Hollow Dams,” Water and Water Eng.j December, 1939, 
p. 569. 
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upliit pressure, may slightly more than double the factor of safety against 
overturning, and the shding factor is reduced not more than about 50 
per cent The serious objections to them are the difficulties and cost of 
construction. 



An arch dam is curved in plan with its ends resting on abutments in 
the hills on either side of the valley. The dam acts as an arch with its 
haunches resting on the abutments and the dam structure under com¬ 
pression In general^ arch dams will have less material in them than a 
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solid gravity dam. However, the cost of construction of the arch dam 
may be greater owing to form work and other difficulties. 

163. Other Dams. A rock-fill dam^ is an embankment of loose rock 
with a flow-retarding membrane somewhere in or on the embankment. 
Materials used for the membranes include concrete; earth, either paved or 
unprotected; timber; or steel.^ There is a trend toward the placing of a 
layer of dry uncoursed rubble between the facing and the rock fill. The 
rul)ble furnishes a s(»mirigid clement subject to less settlement and 
provides good distribution of the water load to the rock fill. Settlement 
due to th(* consolidation of the fill and to the water load is an important 
factor in rock-fill dams. 

The cross section of a rock-fill dam for average conditions should be 
about as follows: minimum top width, 15 ft.; upstream slope, 1.3 hori¬ 
zontal to 1 vertical; downstream slope, 1.3 to 1.4 horizontal to 1 vertical; 
thickness of rul)bl(‘ depends on conditions and good judgment. The cut¬ 
off wall provides a connection between the facing and the bottom and 
sides of tlie dam sit(\ It should be built of dense concrete and extend to a 
depth sufficient to provide adeejuate resistance to percolation under the 
dam. The flow-retarding (‘lenumts are extremety important to the safety 
of the* structure*. Facings must be clesignc*cl to remain watertight while 
being adjustc*d to temp(*ralure chang(*s and the* efiects of settlement 
which may c*\tc*nd ovc*r sc*vc*ral yc'ars. Freciuc‘nt inspections and repairs 
of facings should be anticipatc*d. C\*ntral corc*s are subjeet to full water 
prexssure and hence* to considerable distortion and crac*king frcmi the effects 
of set t l(*in('nt. Ileing inaccc*ssible, thc\v cannot be r(*paired. 

A roc'k-till dam is usc*ful at sitc*s for which transportation of other 
matc»rials is difficult, concrete is (expensive, satisfactcjry c'arth materials 
are not available* and where* the site* is favorable to the* rock-fill type. If 
not prop(*rly elesigiie*d and built, the freeiue*nt unwatering for repairs 
make*s roe*k-fill dams uiide*sirable for donu'stic wat(*r-supp]y purposes. 

Wood and ste*e*l dams have* little application to wat(*rworks e'onstrue*- 
tion. 44ie*y are* ge*ne*rally short-live*d and are suitable only for low' elams. 

FORCES ON DAMS 

154. Forces Acting on Dams. Feircc's that must be resisteel by dams 
include (1) water pre*ssure*, (2) we*ight of dam and superimposed water, 
resulting in foundation re*action, (3) flotation, (4) uplift, (5) erosion, (fi) 
ie*e prc'ssure*, (7) e*ai theiuake* shoc'ks, (8) wind pressure, (9) w'ave pressure, 
and (10) subatmosphcric pressures. 

’ S(H' also CJ\ijx)W VY, J. D., ^‘The* Design of Rock-fill Dams,” Trans. A.S.C.E., 
Vol. 104, p. 1, 1930. 

*Lo(jeman, H. T., “Stt'cl Facing for Dams,” Civil Eng., .January, 1939, p. 7. 
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166. Water Pressure. The horizontal component of the water 
pressure can be computed from the expression P = xvAhn, where P is the 
total horizontal pressure, w is the unit weight of water, A is ihv area of the 
horizontal projection of the face of the dam on to a vertical plane, and ho 
is the vertical distance from the water surface to the center of gravity of 
the area A. The vertical component of the water pressure is equal to the 
weight of water vertically above any portion of the dam that is sub¬ 
merged. The direction and point of application of water pressure is 
normal to the face of the dam at the center of pressure. 

166. Flotation and Uplift. Flotation, uplift, and foundation reaction 
are forces with vertical components acting on the dam. The magnitude 
(»f flotation is equal to the volume of water displaced by any portion of 
the dam submerged in and completely surrounded by water multiplied by 
the unit w’eight of water. Flotation will not come into play unless there 
is complete submergence of a part of the dam. Uplift is causeil by the 
pressure of w^ater confined within the interstices of ^he dam and connected 
by open channels, however small, to the water within the reseiw oir. The 
magnitude of the uplift can be expressed as U = ^wAli, where xv is the 
unit weight of water, A is the area of the vertical projection on a hori¬ 
zontal plane of all surfaces subje(*t to uplift, and h is the head, or press\ire 
of water on such surfaces. It is measured as the distance from the point 
of pressure to the hydraulic grade line of the channel in which the water 
is confined. In the computation of uplift the practice of the U.S. Bureau 
of Reclamation is to compute the uplift as varying linearly from full head 
w^ater to full tail water, but acting over only the upstream tw^o-thirds of 
the base. 

167. Sliding and Shear. A tendency to slide is caused by the hori¬ 
zontal forces and is resisted by friction between assumed joints on hori¬ 
zontal planes, or between masonry and foundation. Sliding resistance, 
or shear, can be expressed as 

f2:W = /(IF +V - U ±X) 

where W = weight of the structure 

V — weight of water on upstream fac(» 

U = uplift force 

X = sum of all other vertical forces present 
/ = coefficient of friction 

The value of / for rock is frequently used as 0.05. Values from 0.25 to 
0.5 are used for earth. The factor of safety against sliding is the ratio 
between the sliding resistance and the total horizontal force or 

F = f{2:W/XPh). For masonry dams, values of F vary from 1.0 on rock 
foundations to 3.0 on earth foundations. 
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158. Ice Pressure. An estimate of the pressure of ice against a dam 
can be made from Fig. 68.^ In using this figure, the following must be 
known: (1) ice thickness, (2) rate of air-temperature rise, (3) restraint of 
ice sheet, and (4) extent of exposure to solar radiation. Restraint is of 
great importance. It is complete if banks are steep and ice is solidly 
frozen at the restraining edges. If the banks are sloping so that the ice 



Fig. 68. —Ice thrusts. {From Edwin Roae^ Proc. A.S.C.E., May, 194r), 574.) 

C^onditions used in the 6([;uro: 

1. Initial air temperature is —40*^^'. 

2. Initial ice temperature varies linearly from —4()°F. at the air surface to +32*^1 . at 
lower surface. 

3. Air temperature chanKes at rates of -f5°F. ^curvc A), -flO^F. (curve B), and +15°F. 
(curve C) per hour, from —4()°F. to 4-32®F.; then it remains constant at +32°F. until the 
temperature throuRhout the ice sheet has risen to about -f-32®F. 

4. Emissivity effects are neglected, f.c., temperature of ice at air surface is assumed same 
as air temperature itself 

6. Thickness of ice sheet remains constant. 

6. DiflFusivity constant of ice in s<iuaro feet j)er hour, etiuals 0.0434. 

7. Poisson’s ratio equals 0.305, 

8. Absorption of solar energy is neglected, consideration of this factor being treated 
subsequently. 


can slide thex’e is no restraint. Other factors to be considered include: 
(1) currents under the ice, (2) effect of snow on the ice acting as an 
insulation against temperature change, (3) effect of wind, (-1) volumetric 
expansion of ice during freezing, and (5) effect of changes in reservoir 
level. 

While little is known concerning actual ice pressures, practice has 
been extremely varied. Possibly a pressure of 3,000 to 5,000 lb. per sq. 
ft. of expected thickness of ice sheet may be conservative. Under the 
most severe climatic conditions, except in very confined spaces, pressures 

1 From Rose, Edwin, Thrust Exerted by F^xpanding Ice Sheet,” with brief 
bibliography, Proc. A.S.C.E., May, 1946, p. 571. 
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will seldom exceed 10,000 lb. per linear foot of dam.* Pressures due to 
broken ice, i.e., ice floes, are generally negligible.* 

169. Foundation Reaction. The vertical component of the founda¬ 
tion reaction is equal to the weight of the structure and of the water 
vertically above it. If the dam acts as a homogeneous unit, as is often 
the case in a masonry dam, the intensity of the foundation reaction will 
vary uniformly from toe to heel, as indicated in Fig. 09. It is desirable 


Design reservoir level 



Fig. 69. Principal forco.s uctiiiR on gravity daiiiH. 

that there shall be no tension or (‘ompression at the upstream edge, or 
heel, of the dam. To accomplish this the resultant of the external forces 
on the dam should pass through the edge of the middle third nearer to 
the downstream portion of the base. The maximum compn^ssive stress, 
or foundation reaction, will occur at the toe of the dam, as indicated in 
Fig. ()9. Allowable pressures on primary rock vary from 30 tons p(»r 
sq. ft. down to 10 for good shale. Earth is not suitable for high dams 
because of its relatively low bearing power. For preliminary designs and 
estimates for solid-gravity masonry dams a triangular cross section or 
profile is often assumed. The ratio of base width to height may be 
taken as about 0.65 for no uplift to 0.91 for full uplift. 

' See also Gisigeb, P. K., ^^Safeguarding Hydro Plants against the Ice Menace,” 
Civil Eng, January, 1947, p. 24. 

* See also Harrison, L., '‘Provision for Uplift and for Ice Pressure in Designing 
Masonry Dams,” Trans. A.S.C.E., Vol. 75, 142, 1912. 
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160. Earthquake Shocks.^ Stresses^ resulting from earthquake 
shocks may occur in a masonry dam due to the acceleration of the mass 
of the dam and changes in water pressure. The maximum horizontal 
acceleration due to an earthquake of intensity a is given by the formula 


a = ag 

in which g is the acceleration due to gravity (32.2 ft. per sec. 2 ). Vertical 
accelerations are usually neglected. In the United States a value for a 
of 0.1 is generally consider(*d adecpiate on sand and earth foundations, 
and up to 0.75 for ro(*k foundations. The design of dams in regions 
subject to earthquakes recjiiires specialized knowledge and experience. 

161. Other Forces. Waves act not only to e^rode the face of a dam 
but also to create pressure against it. Various empirical formulas for 
wave pressures have been prepared.Molitor’s formula can be expressed 
as P = 125//u,2^ in which P is the total pressure, acting about above 
the elevation of still-water surface in the reservoir, in pounds; and hw is 
the height of w^ave from trough to crest, in feet, as computed by 
Stevenson’s formula (see Sec. HO). 

Wind pressur(‘s are usually neglected in dam design. 

Sul)atm()spheric pressures may be caused }),y water falling over the 
crest of the dam. Since the pressures may bec'ome pulsating, their 
effect on the dam may be dangerous. They should be avoided rather 
than combatted in the design of the stnicture. The}^ may be avoided by 
providing passage for air beneath the crest of the falling water. This 
procedure is called ‘^aerating the crest.” 

SPILLWAYS 

162. Functions. The function of a spillway is to provide safe passage 
for w^ater from above the dam to below the dam within the limitations of 
the available depth of water over the spillway. In the design of a spill¬ 
way two things must be known: (1) its discharge capacity in terms of its 
dimensions and the depth of water on it, and (2) the maximum rate of 
discharge from the reservoir. The capacity of the spilhvay should be 
sufficient to pass the greatest flood to be expeeded from the w’atershed. 
Size of floods are discussed in C^hap. \ I; spillway discharge capacities 
are discussed in Chap. II and Sec. 165. 

1 See also Westeroaard, II. M., ''Water Pressure on Dams during Earthquakes,’^ 
Trans. A.S.C.E., Vol. 98, p. 418, 1933. 

* “Water Pressures on Dams during Earthquakes,” Bur. Riclamation, Tech. Mem 
123, 1931; Trans. A.S.C.E., Vol, 98, p. 148, 1933. 

* See also Molitor, D. A., "Wave Pressures on Sea Walls and Breakwaters,” 
Trans. A.S.C.E., Vol. 100, p. 984, 1935. 
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163. Location. In general, the spillway should be located at a low 
place in the rim of the reservoir where the distance of fall of water passing 
the spillway is low. If no suitable low' point (‘an be found in the reservoir 
rim, it may be possible to locate the spillway at the end of the dam and 
lead the water through a spillw'ay channel on the hillside below’ the dam. 
Tf possible, the location of spillways in the body of a dam should be 
avoided, particularly in earth dams, because a spillway so located is 
conducive to erosion at the toe of the dam 

164. Types. Spillways may be classified as uncontrolled, automatic, 
and manual. In an uncontrolled spillway the rate of flow’ past the spill¬ 
way varies approximately as the thre(3-halves power of the depth over it. 
Types of uncontrolled spillways include overflow, chute, and side channel. 
Aut( 3 matic spillways automatically provide a minimum of fluctuation of 
reservoir surface elevation for variations in rates of flow over the spill¬ 
way. Types of such spillways include siphon, shaft, flash boards, and 
float-controlled gates. Manual spillways, more (omnumly called outlet 
w'orks, control the upstream depth of water by the manipulation of gates 
or valves which determine the rate (jf flow' of w’ater through the control 
works. Automatic or manually controlled spillways increase the avail¬ 
able storage capacity of a reservoir by minimizing tlu^ rise oi water level 
during flood. Water may, therefore^, be stored in the reservoir near to 
flood level during normal flow periods. 



Fio 70 T>pes of oveiflow .spillways. {From Proc. A S,C.E., Vol. .39, p. 1513, 1913) 

166. Overflow Spillways. Types of such spillways are illustrated in 
Fig. 70. They are commonly shaped, in transver.se section, in the form 
of an ogee curve or as a broad-crested weir Th(‘ rale of discharge over 
them can be expressed as Q — Clh^% in wdiich Q is the rate of flow over the 
spilhvay for a length I along the spillway, h is the depth of w'ater on the 
spillway measured vertically from the top of the spillway to the elevation 
of the surface of the water in the reservoir, and C is a coefficient, values of 
w’hich are discussed in Sec. 33.^ 

The downstream face of the spilhvay must be designed to avoid scour. 
The production of turbulence in the stream before the water has left the 

^ See also OFFiTZbROFF, A S., **Model Studies of Overflow Spillway Sections,” 
Civil E7ig.^ August, 1940, p. 523. 
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apron serves to dissipate some of the scouring energy, A hydraulic jump 
is an effective means for absorbing energy. Other schemes for the 
purpose include sills dentated in plan, as shown in sketch, 


which direct streams of falling water against each other; protruding 
ledges and obstructions in the face of the dam; baffle piers; and stilling 
pools. 

166. Spillway Channels. Water may be conducted away from spill¬ 
ways to the main stream bed in spillway channels, or it may fall directly 
into the stream bed. Types of spillway channels include flumes, tunnels, 
chutes, and side channels. Flumes and tunnels may be constructed as in 
acpieducts. Where local topography is favorable, it may be possible to 
construct a steeply sloping channel to carry the falling water at a higher, 
but less dcwstructive, velo(;ity than would result either from a direct fall or 
by following an ogee curve. The term ‘‘chute spillway^’ refers, in 
genenil, to a spillway not in the face of the dam. Instead, the overflow 
discharges to the wat(*r below the dam through a lined trench or flume. 
The length of the spillway is in a position approximately normal to the 
axis of the chute. The bottom of the channel may be roughened to 
increase the rate of absorption of energy. 

Where water falls over a spillway into a chute that is parallel to the 
length of the spillway, the chute may be known as a “side-flow channel.^’ 
The hydraulics of side-flow channels have been analyzed by Camp,^ who 
has formulated the flow in a rectangular flat-bottom channel with 
constant slope as 


Bo 


gh^d ~ 


\2gh'^Rd 


where Ho = depth of water at upper end of spillway 
d = depth at any point 
Q — rate of flow 
h = width of channel 
S — bottom slope 

X = distance from upper end of channel to point where depth is d 
d = average depth throughout distance x 
f = Weisbach-Darcy friction factor 
7? = average hydraulic radius throughout distance x 
Where velocities are high in spillway channels or at their junction with 
the stream bed, special attention must be given to prevent erosion. 

^ Camp, T. R., “Lateral Spillway Channels,” Trans. A.S.C.E.J Vol. 105, p. 606, 
1040. 
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167. Siphon Spillways. A section through a siphon spillway is 
shown in Fig. 71. For the lowest flows the spillway acts as a covered 
overflow spillway, but when the rate of flow is sufficient to fill the channel 
a siphon is formed and the effective discharge head is measured vertically 
betw'een the elevation of the water surface in the reservoir and either the 
center of the discharge opening below the spillway, or the surface of the 
water in the tailrace, whichever is the higher. Because of practical 
limitations the effective value of this head h cannot exceed about 24 ft.' 



Fig. 71 —Siphon spillway section, O’ShauKlinessy Dam, city and county of San l^rancisco, 

Calif. 

The rate of discharge can he computed from the expression Q = kA\/2gh, 
in which A is the cross-sectional area of the siphon at the throat or the 
narrowest portion and A* is a constant usually taken at about 0.05. 

Advantages of siphon spillways include (1) close regulation of reser¬ 
voir surface, (2) high capacity within relatively small space as compared 
with overflow spilhvays, (3) automatic action, (4) wide range or operating 
head, and (5) no moving parts. On the other hand their disadvantages 
include (1) serious danger due to clogging, (2) destructive vibrations due 
to alternate breaking and forming of siphonic action, and (3) relatively 
high cost of construction. 

168. Shaft Spillways.2 A section through a shaft spillway is shown 
in Fig. 72. Such spillways possess the advantages and disadvantages of 

' See also Rock, Elmer, “Design of High-head Siphon Spillway,” Trans A.S.C.h , 
Vol. 105, p 1060, 1940. 

* See also Trahern, J. W., “Design of (^ircular Spillway Modified to Cure Pul¬ 
sating Discharge,” Eng News^Eecord, Julv 1, 1943, p 77 
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the siphon spillway. Where local topographical or other conditions are 
favorable, they may be the least expensive type of spillway to install. 
However, if the fall is high, erosion from cavitation and high velocities 
may be serious. 

169. Flashboards and Tilting Gates. Flashboards are designed to 
collapse when the depth of water on them exceeds a predetermined 
maximum. Upon the collapse of the flash board the effective capacity of 
the spillway is increased without raising the elevation of the water in the 
reservoir. After the passage of the flood the dashboard may he replaced 
manually or automatically. Modifications of the dashboard principle 
include counterbalanced or tilting gates that automatically tilt under 
high heads and restore themselves under low heads. 


60j( 12 'spillway nng gale 

Permanen! crest -.. 

E! 2668 


O^JQOOOS.F 
for normal 
water surface 
EL 2670 


Tunnel plug 

Vui. 72.- Shaft .spillway, Ow>ht»e Dam, Hection tliioiiKt* diver,sions and spillway tunnel. 



Flashboards are infreciueiitly used in waterworks pnictice except as 
temporary e\pedi(‘nts. They nriy be used to increase the capacity of an 
existing reservoir with an overflow spillway, without reconstructing the 
dam. They are, however, not durable, offer ob.struction to the pas.sage of 
debris, and are uncertain in their action. 

170. Outlet Works. Outlet devices are provided to control the 
release of water from a reservoir for any purpose. An intake, as dis¬ 
cussed in (imp. VI11, is an outlet from the reservoir. Outlet w^orks may 
be used also for releasing excess water, for emptying the reservoir, or for 
control of water supplied to downstream owners of prior water rights. 

The location, capacity, structural features, and safety of the outlet 
works are interrelated and may depend also on the purpose of the w^orks. 
For most purposes, other than to supplement spilhvay capacity or to 
control maximum reservoir elevation, outlets are placed low in the 
reservoir so that its full capacity may be available, or it may be com¬ 
pletely drained. Locations at intermediate elevations may be desirable 
in deep reservoirs to permit the withdrawal of water of the best quality in 
the reservoir. 
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Control devices and outlet works include overflow-spillway or crest- 
control devices and gates or valves. Types of crest-c-on1rol gates, in 
addition to dashboards, include radial or Tainter gates, drum gates, and 
sliding gates. 

A cross section of a radial or Tainter gate is .shown in Fig. 73. The 
face, or skin plate, is bent to a circle the radius of which is the distance 
between the plate and the center of the horizontal pin on which the gate 
turns. The face plate is supported on a steel frame. Hoisting ropes are 
fastened to the bottom of the gale and lead to spindles on a platform 
above the gate. When the gates are raised, the hoisting ropes are wound 



J It.. 7.i. of an IS-ft. radial pate. {Couittsy of Bureau of Hf cl (mint ion.) 


iiroiirul the spindles. The spindles are turned by a hand-()])eraled or 
motor-Jriven hoist fitted A\ith the necessary reduction f;(‘arinf>, to suit the 
ratio between the power and the load, lladial gates do not ordinarily 
operate aut omatieally. 

The drum gate, a cross section of which is shown in Fig. 74, is an 
automatic type designed to hold the level of the rest^rvoir constant. The 
drum is built of plate steel properly braced and is watertight. It floats on 
water contained in the drum-gate chamber and rotates about a hinge at 
the upstream edge. The level of the water in the chamber is contndled 
by a float which operates a balanced valve. When the water in the 
reservoir tends to rise above normal, the float opens the balanced valve 
^^hich permits part of the water in the chamber to escape. The gate, 
floating on the water, lowers with it until the necessary additional spill¬ 
way capacity is established. When the flow over the spillway becomes 
constant, the balanced valve is closed, and the water in the chamber and 
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the gate are held at the required height. When the water in the reservoir 
drops below normal, the balanced valve admits water into the chamber, 

and the gate rises. The drum gate 
is used when close regulation of 
reservoir level is necessary. 

Sliding gates consist of a deck 
or skin plate resting on a structural 
frame of beams and girders which 
slides in grooves or on tracks that 
are installed in piers and abutments. 
Unle.ss provided with caterpillars or 
rollers to over(‘ome friction, an exces¬ 
sive amount of power is required to 
operate them. 

Leaf, 01 * flap, gates are hinged at 
the bottom and are raised and lowered 
by means of a crane. They are suit- 
Fig. 74.—Cross soction of dniin «ato and diversion (lams. Figure 

chunihci. (-,,-1 • r n 

75 shows a section of a flap gate. 

The bear-trap gat(‘ is an automatic type used to regulate the level of 
t he rc'servoir. 11 consist s of t wo hinged leaves \\ Inch are raised or lowered 
by a dilT(‘r('nce in Avater pressure on tlie upper and lov\er surfaces of the 
l(‘aves. It is rarely used in waterworks practice. 




rio. 75.—Installation of a flap gate in the Harper diversion dam. {Courtesy of U.S. 

Bureau of Reclamation,) 

The sector rolling gate consists of a steel drum the cross section of 
which is in the shape of a sector of a circle. At each end a circular casting 
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having gear teeth on its outside face is fastened to the circular part of the 
drum. The gear teeth engage the teeth of a sloping rack fastened to the 



Fig. 76. —Elevation and section of Stonev Rate at Guernsey darn. 


piers. The lifting force, applied by a hoist on a platform above the gate, 


causes the gate to roll on the gear¬ 
ing and lifts it from a concrete 
chamber provided in the top 
portion of the masonry. Sector 
rolling gates are adaptable for 
heights of 10 to 20 ft. and in 
lengths from 50 to 100 ft. 

Outlet Gates and Valves. The 
purpose of outlet gates and valves 
is to control the quantity of water 
drawn from the re.servoir. For 
waterworks they are, respectively, 
of two general types: slide gales 
and needle valves. 

A Stoney gate, as illustrated 
in Fig. 7(), is a special form of 
large slide gate, u.sually provided 
with rollers or caterpillars to mini¬ 
mize friction and pow er for opera¬ 
tion. A slide gate usually consists 
of a rectangular gate or leaf, props- 
erly mounted, w^hich slides over an 
opening in a pipe or conduit. 



Fiq. 77.—Hydraulically operated hiRh-pres- 
sure slide gate. 


The leaf is moved by means of a screw or by hydraulic pressure against 


a piston contained in a cylinder, mounted over the leaf. Figure 77 
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shows a hydraulically operated slide gate. Slide gates are considered as 
low-pressure gates when they operate against heads of less than about 60 ft. 
Gates operating against greater heads are ordinarily classed as high- 
pressure gates. Slide gates are not suitable for use for heads greater than 
about 250 ft., but new types developed by the Bureau of Reclamation and 
known as ring-follower and Paradox may be used for heads up to 600 ft. 



Fi<i. 78.- -Sixty-incli differential needle valve. {(Unntisy of V.S. Bureau of Reclamation.) 

ITigh-pressure slide gates are ecpiipped with air vents in order to eliminate 
pitting and erosive etfectus which are liable to occur in the outlet channel 
fis a result of pressures less than atmospheric. Slide gates, if properly 
designed, manufactured, and installed, are satisfactory in operation and 
have little to get out of repair. They are slow in operation, especially 
under high heads. 

A needle valve consists of a piston or needle that slides in an internal 
cylinder, closed at the upstream end, installed within a truncated ellip¬ 
soidal casting. The cylinder is held in place by ribs connecting it with 
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the outside shell. The valve is opened and closed by the manipulation of 
pressures in the chambers A , B, and C (Fig. 78). Figure 79 shows a cross 
section of an outlet works controlled by a needle valve. 

Outlet-control devices should be placed on the upstream end of con¬ 
duits leading through the dam. It is undesirable to pass conduits 
through earth dams because of the possibility of breakage resulting from 
uneven settling of the embankment or to pipingalong the outside of 
the conduit. 



Fig. 79. —Cross section through an outlet woiks, sliowing needle-valve installation. 


171. Logways and Fishways. Logways are provided to fa(*ilitate the 
passage of logs over dams located on streams that are used for logging 
operations. Logways are usually built (> to 80 ft. wide tint! retiuire 25 to 
50 c.f.h. for their operation. Flow into Ihe logway is best controlled by a 
radial gate. Mechanical devices are sometimes used for passing the logs 
by the dams to avoid a loss of water. Logways may also be used to 
remove floating debris from the reservoir. 

A fishw^ay, or fisli ladder, is a device to permit fish to pass upslrearn or 
downstream over or around a dam. The law^s of some states require the 
installation of such devices. 

The design of the fish ladder will depend on the habits of the specie's of 
fish tliat live in the stream and the reepiirements of the body appointed to 
administer the laws of the particular state. Jumping fish usually require 
a pool ladder wdiich consists of a series of dams and pools built in an 
inclined channel. Water flow^s from 6 in. to 2 ft. deep over each dam into 
the pool below it, thus providing a wateiwvay from the reservoir to the 
stream. Fishways may also be formed by constructing an artificial 
inclined channel without dams. The latter type ordinarily reciuires a 
greater amount of water for its operation. The height to which a ladder 
can be built depends on the height to which certain types of fish will 
ascend a ladder. The U.S. Bureau of Fisheries does not recommend 
heights greater than 40 ft. 






CHAPTER VIII 


INTAKES 


172. Types of Intakes. ^ A w afcTw ork« intake is a device or structure 
placed in a surface-water source to permit the withdrawal of water from 
this H )urce and its discharf^e into an intake conduit through which it will 



lui. SO.— Tvpiful ('hiPHKo iiituko crib. (From C H Burdick, Jour A W.W A., March, 

1940, p. a 17 ) 


flowT into the waterw^orks system. Types of intake structures consist of 
intake towers, submerged intakes, intake pipes, or conduits, movable 
intakes, and shore intakes. Intake structures over the inlet ends of 
iSee also Hurdk’k, C. B., "‘Water Works Intakes,” Jour. A.W.W.A., March, 
1946, p. 315; and McDonald, N. G., “Water Works Intakes,” Jour. A.W.W.A 
April, 1940, p. 661. 
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intake conduits are necessary to protect against wave action, floods, 
stoppage, navigation, ice, pollution, and other interference with the 
proper functioning of the intake. 

Intake towers are used for large waterworks drawing water from lakes, 
reservoirs, and rivers in which there is either, or both, a wide fluctuation 



Fig. 81.— Outlet tower of Marooiidah Keservoir, Aiintralia. Thin rcHorvoir supplioa 
about a half million people and provision i» made to take water through 12 different inlets. 
These inlets are in pairs located diagonally opposite one another and thus provide for draft 
at six different levels in a total depth of approximately 55 ft. Kaoh inlet may be shut off 
by a sleeve valve held in place by a cable. Thus, the flow of water may be cut off so that, 
if nece.ssarJ^ the valves inside the tow€*r can be removed for repairs. These are raised or 
lowered by a counterweight device which may be submerged. {From E, G. Ritchie^ Water 
Works Eng., Jan. 22, 1947, p. 72.) 

in water level or the desire to draw water at a depth that will give water of 
the best quality, to avoid clogging or for other reasons. Fluctuations of 
as much as 80 ft. are experienced in the Ohio River. A wet intake tower 
is filled with water to the level of the source of supply. A section through 
such a tower, typical of those used on the Great Lakes, is shown in Fig. 
80. A dry intake tower has no water inside it other than in the intake 
pipes. Water is admitted through the ports connected to the intake 
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pipes which convey it from the tower under pressure. The interior of 
the tower is thus made accessible for inspection and operation. Wet 
towers are less costly to construct. They are not subject to flotation, and 
certain other stresses need not be considered. Towers in lakes and in 
some rivers are usually located some distance from the shore line. An 
Australian reservoir tower is illustrated in Fig. 81.^ 

Submerged intakes, an example of which is shown in Fig. 82, are 
constructed entirely under water and have such advantages over exposed 



CROSS-SECTION 
ON CENTER LINE 

Ff«. S2. SiibiMprKod crib in Lake Miehipuii at Garv, Ind , adaptable to conditions where 
ade<|uate depth is available (Fiom (\ H. Hunlick, Jour. A.W.W.A., March, 194fi, p 318.) 

structures as lower cost, no obstruction to navigation and but little 
obstruction to the flow of the river, little danger from floating material, 
and a minimum of troubles from ice. This type of structure is commonly 
used for intakes of moderate size on the Great Lakes and for the majority 
of other installations. 

An intake pipe, such as is shown in Fig. 83, offers a satisfactory 
conduit under favorable conditions. It should be used, wdiere possible, to 
minimize cost. 

Movable intakes, many of which are to be found along the Missouri 
River, consist of a pump mounted on rails at right angles to the river 
bank. As the river level changes, the pump is run up or down the bank 
and the discharge from the pump is connected through tees at an appro- 

‘See Ritchie, E. G., “Reservoir Outlet Towers at Melbourne,” Water Works 
Eng., Jan. 22, 1947, p. 72. 
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priate level on a manifold pipe that extends down to the low-water level. 
This type of intake is used where shifting shoals, lack of foundation in 
the stream bed, or other conditions preclude the erection of an intake 
structure in the stream. 

Shore intakes, an example of which is shown in Fig. 84, may be suitable 
for industrial plants where water quality is not a primary consideration or 
for public water supplies where water quality and other conditions permit. 
An outstanding example of a successful shore intake for a public water 
supply exists at the South Side Water Filtration Plant in t’hicago. 
Shore intakes will probably be less costly than towers or cribs. 



r’lti. 83.— An intake crib designed for use in a bay. {From N. G. McDonald, Jour. 

A.W.W.A., April, 1940, p. OOO.) 

173. Location of Intakes. Conditions to Ih' considcn c'd in Iho local ion 
of an intake include (1) the location of the best (luality of water available; 
(2) (airrcnts that might threaten the safety of the intake structure; (3) 
navigation channels, which should be avoided; (4) ice floes and other ice 
difficulties; (5) formation of shoals and bars; and ((>) fetch of the wind 
affecting the height of waves. C'onditions affe(d4ng the (juality of water 
will include currents due to wind, temperature, seasonal turnover, and 
other causes that will bring water of unsuitable quality to the intake. 
C^hannels with high currents carrying floating debris and ice are hazardous 
to the safety of the structure. Navigation channels add the danger of 
pollution from toilets and other refuse discharging from ships. 

Ice floes are hazardous to the superstructure of an intake, owing to 
pressures exerted on it, and to intake ports both shallow and deep, since 
ice floes may push down surface ice to clog ports 20 to 30 ft. bclo\v" the 
water surface. Waves are hazardous to the superstructure of the intake, 
and they stir up mud and silt from the bottom in such quantity as to 
afrev"*t the quality of the water. 
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A study of the currents in a lake or river should be made before 
selecting the location of an intake in order to assure water of the best 
quality and the avoidance of polluted water. Such studies are made by 
observing the progress of both surface and submerged floats. 

In bodies of water having wide fluctuations in level, the intake should 
be locat(Hl so that, at the lowest water stage, one submerged inlet is 
entirely under water and the lowest port in an exposed intake is sub¬ 
merged. An intake in an impounding reservoir is usually placed in the 
deepest part of the reservoir, hich ordinarily is near the dam. This will 



Section B-B 

Fi(., 84. lOvor i)umpinK ‘station and intnko (('tS (Jomrnmtnt Explo'^iius Plant (\ at 

Nil to, n. i'a.) 

render the full capacity of the reservoir available and will usually protect 
the intake from sedimemt in the reser\oir. Intakes in streams with a 
steep bottom gradient should, where possible, be placed at suflicient 
distance upstream to supply water to the city by gravity. 

The final decision on the location of an intake should be based on a 
consideration of the factors of (piality of water, safety of supply, and cost. 

174. Design of Intakes. hiXternal forces to be resisted by intakes 
include flotation, waves and currents, ice pressures, blows from floating 
and submerged objects, and shifting shoals. The magnitude of such 
forces is known only approximately; therefore a generous factor of safety 
must be allow^ed. 

P^lotation can be computed on the basis of the weight of the volume of 
water displaced. Since air may be entrapped in intake conduits and 
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in intake towers, and the towers may be pumped dry, a generous allow- 
an(*e should be made for flotation and to resist collapse against external 
hydrostatic pressure. Flotation is overcome by the construction of 
massive masonry structures) by weighting down submerged cribwork 
with broken stone, as shown in Fig. 82; by filling the annular space 
between two concentric cylindrical steel shells with stone or con(*rete, the 
cylinders being sunk to the bottom and supported thereon. 

Little is known about pressures from waves and currents. Waves ten 
feet high may cause pressures of 1,800 to 3,000 lb. per sq. ft., with the 
maximum at mean water level.^ Wind pressures up to 20 lb. per sq. ft. 
should be allowed against the portion of a tower exposed above water 
level. 

The force of blows by floating or submerged obje(*ts should not exceed 
those due to moving ice. Intakes in or near navigable chann(‘ls should be 
protected by clusters of piles, or other defense, against collision by mo\ mg 
objects. 

Undermining of foundations due to w^ater current^ or overturning 
])re‘ssures due to deposits of silt against one side of an intake structure are 
to be avoided rather than combated. Where these conditions are 
unavoidable, estimates of the magnitude of the forces involved must 
b(‘ made on the basis of tests at the site of the intake or from knowi(Mlge of 
the behavior of similar structures under similar conditions. 

The entrance of large objects into the intake pipe is prevented by the 
use of a coarse screen or by the obstructions offered by the small openings 
in the cribwork or riprap placed around the intake pipe. Fine screens for 
tlie exclusion of small fish and other small objects should be i)la(*ed at 
soriK' accessible point, as at the suction or wet well at the pumping station 
whej-e the screens can be easily inspected and cleaned. The location of 
the screens in an inaccessible position in a remote intake structure is 
undt*sirable. The area of the openings in the intake crib should be 
sufficient to prevent an entrance velocity higher than about 30 f.p.m., 
in order to avoid the carrying of settleable matter into the intake pipe. 

An intake tower and pumping station are illustrated in Fig. 84. 
Intake ports should be placed at various elevations in the tow^r so that 
water of the best quality may be taken. They should also be placed so 
that if one or more of the ports is blocked another can be opened. It 
should be possible to open or close the ports in the intake from the 
operating floor, as indicated in Fig. 84. Where the intake tower is in a 
river in which ice troubles may be encountered, the upstream side of the 
tower should be protected and strengthened to resist ice pressure. In 

^ Soo also ^‘Amoriran Livil KnginocW Handbook,*^ 5th t'd., p. 1108, John Wiley & 
Sons, Ino., New York, 1930. 
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general, the intake ports should be placed in the downstream face of the 
tower, and they should be protected against blocking by ice or other 
floating material. 

Submerged ports should be designed and controlled to prevent air 
from entering the suction pipe. The difficulty can be minimized by 
maintaining an entrance velocity not greater than 2 f.p.s., preferably 
much less than this, and maintaining a depth of water over the port of at 
least three diameters of the port opening. 

176. Screens. Screens or grids with parallel bars, preferably remov¬ 
able, may be placed over the ports, as indicated in Fig. 84. Mesh screens 
are undesirable because of the difficulty of cleaning them. Screens are 
used to prevent large floating objects from entering the intake or gaining 
access to the conduit. Screens should not be used as a purification device 
for the mechanical straining of suspended matter. This can probably be 
done more effectively and more economically at purification plants 
ashore. Hence, the openings between bars may not be less than 1 to 2 in. 
The velocity through a screen should not exceed about 30 f.p.m. and is 
preferably much less than this. In some installations screens are used 
only occasionally under suitable conditions; in others, automatically and 
mechanically cleaned scn^ens are used. An electric^ally charged screen 
has been devised to keep fish away. 

176. Difficulties with Ice.^ Surface ice, anchor icc, frazil ice, and 
slush ice are forms in which ice may be troublesome at an intake. Surface 
ice floes, many miles in extent, push against tower intakes in the Great 
Lakes and pile ice against them from the bottom to heights of 25 ft.“ 
above the lake surface. Ice pressures shake the structures and clog the 
ports, necessitating the presence of a maintenance crew living on the 
intake structure. 

Anchor ice is formed beneath the water on the surface of objects that 
radiate heat rapidly. It forms most readily on dark metallic surfaces 
such as valves and gratings. It is usually formed at night in clear cold 
weather when the surface water is cold but is too turbulent to freeze. A 
sheet of surface ice will prevent the formation of anchor ice or of frazil ice. 
It may be possible to minimize troubles from anchor ice by locating the 
intake in a quiet locality where the surface will freeze readily, or by 
constructing some form of temporary surface protection around the 
proposed intake. 

* See also Barnks, II. T., ‘‘Ice Engineering,” Renouf Publishing Go., Montreal, 
1928. 

* See Burdick, C. B., “Water Works Intakes,” Jour, A.W.W.A,, March, 1946, 
p. 415; and Gisiger, P. E., “Safeguarding Hydro Plants against the Ice Menace,” 
Civil Eng., January, 1940, p. 24. 
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Frazil ice, sometimes called needle ice, consists of submerged ice 
crystals that have been formed as anchor ice and have broken loose, or 
are ice crystals that have formed about small particles suspended in 
water which serve as neuclei. Slush ice is formed of a soft mushy mass of 
ice crystals ground from other forms of ice. 

Under conditions favorable for its formation each type of ice may 
cause difficulties at waterworks intakes. 

Expedients used for the removal of ice from intake ports include a 
vigorous reversal of the flow of water through the port, steam or electrical 
heating devices, compressed air, pike poles, chains, and explosives. 
Divers have been employed under urgent conditions, but the service is 
hazardous and should be avoided. Provision for vigorous reversal of 
flow should be made when the intake is installed. This can be done by 
draining an elevated storage tank into the intake conduit, or discharging 
the flow from the main pumps into it the pumps drawing their water from 
storage on the distribution system. The height of the curb on the intake 
well above the elevation of the water in the intake should be sufficient to 
provide the head necessary to force water backward through the intake 
conduit. 

177. Intake Conduit and Intake Well. The conduit conveying water 
from the intake should lead to a suction well in or near the pumping 
station. Either a pipe lying on or buried in the bottom of the body of 
w'ater or deep tunnels may be used as intake conduits. For conduits up 
to about 12 in, in diameter, standard bell-and-spigot cast-iron pipe may 
be used, occasionally with flexible joints. Larger conduits may be of 
steel or concrete. A tunnel, although more expensive, makes the safest 
and most satisfactory conduit. 

The capacity of the conduit and the depth of the suction well should 
be such that the intake ports to the pumps will not draw air. A velocity 
of 2 to 3 f.p.s. in the intake conduit, with a lower velocity through the 
ports, will give satisfactory performance. The horizontal cross section of 
the suction well should be three to five times the vertical cross-sectional 
area of the intake conduit. Even with conduit and suction well of 
adequate capacity it might be possible, by starting the pumps too fast, to 
draw water out of the suction well and expose the pump suction ports. 
Pumps should be started gradually to avoid draw^down in the suction well 
and stopped slowly to prevent surges. The intake w^ell acts as a surge 
tank on the intake conduit, minimizing the surge. The factors involved 
are mathematically related, as shown in Sec. 194. 

The intake conduit should be laid on a continuously rising or falling 
grade to avoid accumulation of air or gas, pockets of which would other- 
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wise restrict the capacity of the conduit. Where air traps are unavoid¬ 
able, provision must be made to allow gas to be drawn off from them. 
Where pipes are used, they must be weighted down to prevent flotation. 

Because of the dependence of a waterworks on its intake, intake 
conduit, and suction pit, it is desirable that most of the works be in 
duplicate and, where possible, two or more widely separated intakes may 
l)e provided. 



CHAPTER IX 

AQUEDUCTS 

178. Definition.^ An aqueduct is a conduit designed to convey 
water from a source to a point, usually a reservoir, where distribution 
begins. An aqueduct may include canals, flumes, pipe lines, siphons, 
tunnels, or other channels, either open or covered, flowing at atmospheric 
pressure or otherwise. A typieal profile of an aciueduct over rough 
country is shown in Fig. 85. The choice between available types of 
conduits depends on such factors as topography, pressure head available, 
(juality of water, conditions of construction, and economy. The con¬ 
struction of such acjueducts as the Colorado River Aqueduct for Los 
Angeles, the Delaware Acjueduct and the Ashokan Acpieduct for New 
York City, the Ilctch Hetchy Aqueduct for San Francisco, and the 
Quai)bin Acpieduct for Boston have involved spectacular engineering 
works and the expenditure of large sums of money. 

An important conside^ration in the design of an aepu'duct is the pre^- 
vention of pollution of the water in the conduit. Among the most 
common sources of pollution to be guarded against may be inc’luded 
infiltration or surface runoff from the surrounding ground and the direct 
pollution of water in uncovered conduits. 

179. Canals. A canal is an open conduit, (*ither covered or uncov- 
ered, designed to convey water. An open conduit is a chann(‘l conv(\ving 
wat('r in ^^hich the hydraulic grade line lies in the surface of the water. 
A canal supported on or above the surface of the ground may be called a 
flume. An underground canal is a tunnel. Conditions favorable to the 
(‘onstruction of a canal include topography permitting construction on the 
hydraulic grade line, impervious material easily excavated and not 
(^asily eroded or choked by plant growth, and surroundings fr(‘e from 
pollution. A combination of all favorable conditions is unusual. Objec¬ 
tions to the use of canals for conveying public water suppliers include the 
hazard of pollution of the water, high seepage and evaporating losses, 
difficulties of handling cross drainage, ice, danger from burrowing animals, 
and high maintenance costs. 

The location of the route of a canal along a hydraulic grade line will 
require a study on a topographic map to balance cuts and fills, minimize 

* See also Watson, John I)., Notes on the C onstruction of Acjucducts,’' Engineer^ 
Vol. 168, pp. 344 and 368, 1939. 
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crossings of streams and ravines, avoid tunnel constructions, and avoid 
the objections listed above. 

A semicircle is the most economical shape of cross section hydrauli¬ 
cally, as it gives a maximum hydraulic radius for a given cross-sectional 
area. A trapezoidal channel is easier to construct and to maintain. A 
trapezoid in which a semicircle, with its center in the water surface, can be 
inscribed gives the best hydraulic characteristics for a trapezoidal cross 



6, 1947, p 65 ) 


section. The steepness of the side slopes of the trapezoid, in unlined 
canals, depends on the angle of repose of the material that forms the 
banks. In earth channels the slopes vary from 2^^ horizontal to I 
vertical in sand, to 1 ^ 4 to 1 in st iff clay. In rock the sides may be vertical. 

The use of lining in a canal has the effect of permitting higher velocities 
and thus reducing the required cross section. The surface of the lining 
offers less resistance than earth to the flow. Hence, friction losses are 
reduced. Linings also reduce seepage losses and maintenance costs. 
The general features of canal linings are similar to those of reservoir 
linings discussed in Sec. 370, except that construction joints are usually 
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omitted. Figure 86 shows details of lined canals in earth and rock. The 
figure also shows a method by which a number of different cross sections 
may be shown on contract drawings. The location of a particular section 
may be shown on the profile, and a table is provided to show dimensions. 

The need for basing the selection of the cross section of a channel on 
its hydraulic properties is, perhaps, overbalanced in many cases by other 
considerations such as economy, facility of construction, structural 
characteristics, and practicability. Some typical cross sections of 
waterworks canals are shown in Fig 86. 
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1IG 86—Details of lined canals {Courtesy of U S Bureau of Reclamaiion ) 

Flumes are fre(|uently constructed with walls of concrete, steel, or 
timber, either self-supporting or supported with the aid of other structural 
members. Sections of two concrete flumes are shown m Fig. 87. Metal 
flumes may consist of sheet-metal plates bent m the form of a semicircle, 
supported by stringers, usually wood, to reduce lateral stresses on 
the piers or bents. The weight of the flume and water is transferred to 
carrier beams by steel rods bent to semicircular shape. The carrier beams 
are supported by stringers and serve also to prevent the inward collapse 
of the thin metal. 

Velocities of flow in canals and flumes should be high enough to 
consume the available head without eroding the banks or exceeding the 
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critical velocity at which the energy (depth plus velocity head) is a 
minimum. At higher than critical velocities jumps, bores, and standing 
waves may occur and result in overtopping of the canal banks or other 
undesirable feature. 

In general, flumes are a type of waterworks aqueduct to be avoided. 
Difficulties met in their design and maintenance include prevention of 
leakage, provision for expansion and contraction, variations in the invert 
gradient caused by unequal settling of the supports, exposure to extremes 
of temperatun^ and wind, and overflow due to clogging or surge. 




''Longf BarS'”' 

Bench Plume 


Fio. 87. Uoctangular roinforcpd-roncrefe flumes. 


180. Pipe Lines. When rough topography or other conditions 
make the use of a canal impracticable, a pipe line w ith w ater flow ing under 
pressure in it may b(‘ used. Since pipe lines can, in general, follow' 
shorter routes than canals, they may be cheapen* to construct. A pipe 
line crossing a valley and lying on or under the ground surface with each 
end of the pip(* liiu' in or near the hydraulic grade line is called a siphon, 
although the pn^ssures in it are normally greater than atmospheric. A 
true siphon is that part of a pipe line in which the water flows above the 
hydraulic grad(' lin(\ True siphons should be avoided because of diffi¬ 
culties to b(* expected from air leaks and from gases coming out of solution 
and accumulating at the top of the siphon with resulting reduction in 
siphon capacity. A force main is that portion of a pipe line through 
which water is ])umped, usually to a higher elevation. Booster pumps 
may be used to increase the pressure in long pipe lines. The discharge 
pipe from a booster pump would not, necessarily, be classified as a force 
main, unless the water w'ere lifted to a higher elevation. 

Materials used for pipes in acpieducts include concrete, cast iron, 
steel, wood, and asbestos cement. The material selected depends upon 
such conditions as (1) assurance that operation will not be interrupted; 
(2) annual cost; (3) suitability for conditions which include loads, 
pressures, and the corrosive characteristics of the water and the soil in 
contact with the pipe; (4) accessibility of the site and ease of transporta¬ 
tion of materials; and availability of skilled labor for construction. 
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Th© annufl.1 cost depends on the first cost, operating and maintenance 
cost, and depreciation. Many factors such as length of life, painting, 
interior roughness, facilities for repair, and location must be considered in 
connection with determinations of annual cost. Kach particular case 
must be considered separately, as there is no general rule that can be 
applied. 
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Adai)tability of the material for the service to be iX'rfornKMl retpiires 
(’onsideration of the quality of water and soil and the int(‘rnal prc'ssure to 
be carried. Under some conditions any one of the maUTials might be 
used successfully, whereas for others some of them would be quite 
unsuitable. 

Likewise for some installations, transportation and construction 
facilities might be equally suitable for all the materials, but where the 
line is located in a region of difficult access, the use of materials that can 
be easily transported in small piec(\s of light weight and assembled at the 
site is mandatory. In some localities skilled labor and equipment for 
construction operations such as riveting or welding are not readily 
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available. Deference to local manufacturing industries may also be a 
factor in the selection of pipe material. Characteristics of materials are 
discussed in Chap. XVIII; stresses are discussed in Chap. X. 

Circular cross sections are most commonly used for pipe lines under 
high pressure, since the stresses can be most economically carried under 
tension. Typical cross sections of concrete pipes are illustrated in Figs. 
157, 158, and 159. However, large cross sections, either with or without 
cover are constructed of other shapes, such as those shown in Fig. 88. 
Such shapes are better suited to resisting heavy external loads and light 
internal pressures and are easier to construct than a circular shape. 

To assure safety, permit inspection, and facilitate operation and 
maintenance, pipe lines should be provided with gate valves, check valves, 


5 L sfiffenet' 

Angle gland, one \ 
leg squared as shown^ij^ ^ 


2rll^xf^ W outside sleet/e - 

.T- 





dRmqsIsq ^raphifed • 

flax packing. Furnish one ^ 

? extra nng wr each Joint 

3'6 x/ * Inside sleeve _ 

Joints same as fbroutslJe sleeve 


i J.- 


Fi<». 89.— Detail of a .steel-pipe expansion joint. 


drainage valv^es, air valves, and manholes. Surge tanks or other surge- 
control e(|uipment may be necesstiry on some linos. Gate valves may be 
placed about 1,(K)() to 1,500 ft. apart, near manholes, with a drainage 
v'alve at a low point between the gate valves to permit emptying the pipe 
betwe(‘n valves for inspection an 1 repair. A check valve should be 
placed at the upstream side of the beginning of each rise in the pipeline 
to prev(*nt reversal of flow in an emergency. A gate valve may be placed 
near to and on a convenient side of the check valve to permit inspection 
and repair. 'Ilie check valve should be designed to close slowly enough 
to avoid dangerous water hammer. Drainage valves should be placed at 
all low^ points to permit removal of deposited silt and the emptying of the 
pipe. An air valve should be located at each high point to allow the escape 
of air and gases and to admit air sufficiently rapidly to prevent the 
creation of a partial vacuum in the pipe line. 

Expansion joints may be required on long pipe lines, particularly on 
steel pipe. Figure 89 shows a type of joint used by the U.S. Bureau of 
Reclamation. When several expansion joints are used in a long line, it is 
necessary to construct anchors between them in order to force the move¬ 
ment into the joint designed to take it. Where piers are used to support 
the full weight of steel pipe, they should be spaced 20 to 40 ft. apart and 
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be constructed so that one-sixth to one-fourth, or more, of the pipe 
circumference will bear upon them. They should be constructed to 
resist the overturning forces resulting from friction due to longitudinal 
movements of the pipe. In general, a friction coefficient of not less than 
0.5 between pipe and pier should be used in design. 

181. Diameter of Pipe through Which Water Is Pumped.^ The 
diameter of a pipe through which water is pumped should be such as to 
give the lowest cost of the items of first cost, maintenance, including 
pumping, and renewal. The diameter of this lowest cost or economical 
pipe can be determined by the following procedure: 

1. Formulate an expression for the capitalized cost, ( r total annual cost of the 
pipe line, assuming any convenient terms. 

2. F^xpress all the variables in the preceding expression in terms of one variHt)Ie 

3. Differentiate with respect to that variable, equate to Z(‘ro, and sob e. The 
result will be the economical value of the variable. 

The above procedure will be applied to the determination of the 
economical diameter of a long cast-iron pipe line through which water is 
being pumped. The following nomenclature will l)e used: 
a = cost of iron, cents per lb. 

B = 0.00159L + O.OOOt)}' + (0.055 + 0.0145D)ir 
C = coefficient in Ilazen and Williams formula, taken as 100 
d = diameter of pipe, in. 

D = depth of trench, ft. 

L = cost of lead, cents per lb. 

p = cost, in cents, of pumping 1 million gal. 1 ft. high 
Q = rate of flow through pipe line, c.f.s. 

r = annual rate of interest, plus sinking fund rate of depreciation, 
plus rate of other annual charges 
s = slope of hydraulic grade line 

V = velocity, f.p.s. 

W = wage rate for common labor, cents per hr. 

Y = cost of yarn (oakum), cents per lb. 

The annual cost, per foot of length, of a cast-iron j)ipe was shown by 
Maury,“ including first cost and renewal and laying in the trench, to be 
expressable in the form 

Cost = Bdr d- 2ard^ ^ (1) 

The cost of pumping through the pipe line can be expressed as 

Pumping = 236pQs (2) 

1 See also Sarchet, B. R., and A. P. C’olburn, “Economic Pipe Size,” Ind. Eng, 
Chem.j September, 1940, p. 1240. 

* Maury, D. 11., “Diagram Showing the Cost of Laying Cast-iron Pipe,” Eng. 
News^Record, Vol. 88, p. 779, 1922. 
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The total annual cost for all charges is, therefore, 

Total cost = Bdr + 2ar(P‘^ + 28r)p(?s (3) 

In taking the second stop of the outlined procedure it is necessary to 
express tlu* two variables d and s in terms of each other. This can be 
done by rearranging Hazen and Williams formula into 

ni.H6 

(4) 

Substituting this value of .s in expression (3) there is obtained 

Total cost = Bdr + + 39,000p ^ (5) 

DifTerentialing with respect to d and equating to zero 

H6 ^ ^ (0) 

whi(*h can be (‘xpressed approximately as 



'riie economical V(‘locity can be determined from a combination of 

TaHI.K 43.-KcONOMK’AI. V'kUX ITIKs K)H DiH'KHKNT DiWIKTKRS and Jt\TKS OK 

Flow in (’ast-iron 



Values of coiiHtants * 


Values of fonstants * 


/>- 10 

5 

3 

1 

L- 10 

L= 5 

L= 3 


r- 15 

}'=10 

4 

r«= 15 

r=3io 

r- 4 

J 

o «* 4 

3 

a« 1.6 

c 

a= 4 

a«= 3 

a= 1.5 

o 

a 

0.07 

r- 0.00 

r=» 0.04 

o 

c 

r =3 0.07 

r= 0.06 

r= 0.04 


4 

0 

p»I5 

e 

p=* 4 

p= 6 

p=15 

■S 


ir-50 

Tr=.30 

>1 

ir*ioo 

ir-50 

IV =30 

B 

6 

n = 4 

/>= 2 

fl 

6 

7>- 4 

7)= 2 

<6 

Q 

«« 14.2 

7?- 5.60 

2,3.3 

ej 

3 

71 » 14.2 

71= 5.66 

71= 2.33 

0.44i 

0.1400 

Jfc= 0.0182 

a 

0.441 

Jt= 0.1406 

k= 0.0182 

4 

2.97 

1.99 

0 93 

0 l 

2 75 

1.90 

0.95 

■1 

3.18 

2.12 

1.00 

0.."i 

3.14 

2.16 

1.08 

8 

3.36 

2.25 


1.0 

3 31 

2.29 

1.14 

10 


2.34 

1.10 

5 

3.78 

2.61 

1.30 

12 

3.61 ! 

2.42 

1.13 

10 

4.00 

2.77 

1.38 

16 

3.82 

2.50 

1.20 

25 

4.33 


1.49 

18 

3.91 

2.02 

1.23 

50 

4.67 

3.16 ! 

1.57 

24 

4.12 

2.76 

1.29 

100 

4.86 

3.37 1 

1 68 

86 

4.42 

2.96 

1.39 






1 Velooitiee are given in feet per second. 
* For nomenclatrire, see p. 171. 


jfc - 
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expression (7) and Q = A F, so that 

V = 3.50® ^ (8) 

V = 3d« > (9) 

Economical values of the velocity of flow^ are entered in Table 43. They 
have been computed from an approximate formula based on Flamant’s 
formula for flow. It is expressed as 


V = 



( 10 ) 


182. Diameter of a Pipe through Which Water Flows by Gravity. To 

secure the greatest economy, the diamek^r of a single pipe through whi(‘h 
water flows by gravity should be such that all the head available for 
causing flow is consumed by friction. The economical diaiiu'ter is, 
therefore, that diameter which is found by substituting this head and the 
required rate of flow in any of the formulas for the flow of wate^* in pipe 
given in Sec. 40. 

183. Tunnels. Tunnels are constructed in aqueducts Io pass through 
mountains and cross under rivers and in situations in which surface lines 
or open-cut excavation would be impracticable. When a tunnel and a 
surface location are equally feasible, the tunnel will ordinarily involve a 
greater first cost, but the capitalized cost of the two may show^ the tunnel 
to be cheaper. The decision between them may lie in the availability of 
funds or in the consideration of safety and uninterrupted service. 

In a grade tunnel the hydraulic gnide line coincides with the surface of 
the flowing water. In a pressure tunnel the hydraulic grade line is above 
the tunnel. Both types of tunn(‘l are in use, and both types may resist 
external forces due to surrounding ground pressures and ground-water 
pressures. Some tunnel sections designed to resist external forces are 
shown in Fig. 88 . 

Tunnels may or may not be lined, depending on the materials through 
which they are driven, the amount of head available, ground-w^ater 
conditions, and other considerations. In earth and in crumbling rock, 
lining is essent ial. A reinfor(‘ed concrete or metal lining must be provided 
in pressure tunnels at places where the weight of the earth or rock cover is 
not sufficient to resist safely th(» bursting pressure w ithin the tunnel. The 
hydraulic properties of a tunnel are greatly improved by lining; hence the 
loss of head due to friction for a given capacity is much smaller in a lined 


* See also Camp, T. R., “Economic Size for Water Distribution Systems,” Tram. 
A.S.C.E., Vol. 104, p. 190, 1939. 
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tunnel of a given cross-sectional area than in an unlined tunnel of the 
same area. The entrance of objectional ground water into a tunnel or 
the escape of water from it may be prevented by a watertight lining of 
brick, concrete, steel, cast iron, or concrete-protected metal or by grout, 
placed under pressure, back of the lining. When the tunnel is driven 
through material not subject to caving or disintegration, and other 
considerations are not of sufheient weight to warrant the expense, the 
lining is frequently omitted. 

184. Cross Sections of Aqueducts. The cross-sectional area of the 
waterway of an aciueduct is determined by the head available, limiting 
velocities, and other conditions. When adequate head is available, the 
area of waterway is determined by the maximum allowable velocity. 
Table 44 gives maximum velocities recommended for various aqueduct 
materials and types of structures. The minimum velocity should be 
sufficient to prevent the deposition of sediment in the channel. 


Tabll 4i —Maximi vf V^lckitiks in Agi edicts 



Maximum 

Type of structure 

average veloc¬ 
ity, feet per 


second 

Cut-and-cover sections 


Concrete lined 

15 0 

Brick lined 

Pipes* 

18 0 

Steel and east i"( i 

12 0-20 0 

Concrete 

10 0-15 0 

Wood 

Tunnels 

15 0 

Unlined 

12 0 

Concrete linc'd 

10 15 

Steel lined 

12 20 

Flumes—all types 

Less than 
(ritical velocity 

Canals: 


Elarth: 


Ordinary 

2 5-30 

Sand . 

10-20 

Hard gravel or firm i 

5 0-60 

liock . 

8 0-15 0 

Concrete lined . 

10 0-15 0 


The sizes and shapes of cross sections in a long aqueduct are usually 
varied to meet conditions of external loads and to provide the greatest 
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economy. The shape should be designed to support the external loads, 
and the area of waterway should give the least cost and consume the 
available head in the most economical manner. For example, where a 
fixed amount of head loss is available between the upper and lower 
ends of an aqueduct, part of which is to pass through a hard rock tunnel 
and the other to be constructed as a canal, it may be more economical to 



Fig. 90.—Diagram of parallel-tangent method for doterminiiig the minimum eoHt of an 

aqueduct. 

consume most of the available head in the tunnel, to permit the smallest 
possible bore, than to divide the head loss between the two sections 
proportional to their length. The most economical distribution of head 
losses in an aqueduct passing through difTerent materials, if the total 
head loss is fixed, can be determined by the following procedure: 

1. Construct a set of curves whose abscissas are the total cost of the full length of 
each section of the aqueduct for the shape of cross section desired for that part of the 
aqueduct and whose ordinates are the head lost in that part of the aqueduct. A 
typical set of cost-head loss curves is shown in Fig. 90. Data for such curves must be 
obtained by designing various conduit shapes suitable for the materials through w'hich 
each is passing and estimating the total cost of construction. The head loss is deter¬ 
mined through the application of a satisfactory formula of flow. 
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2. By trial and error construct a series c f parallel lines, each tangent to one curve, 
in a position such that the sum of the ordinates to all the points of tangency is equal to 
the total available head loss. Then the sum of the abscissas to the points of tangency, 
i.e.j the total cost of the aqueduct, is a minimum. The aqueduct can be constructed 
for the least cost by adopting the head losses, shapes, and sizes in each section, as indi¬ 
cated in this study. 

In the example illustrated in Fig. 90 the minimum cost for the six 
sections, for a total head loss of 147 ft., is $37,500. The head loss for each 
section can be read from the figure. For example, the head loss to be 
allowed in S(‘ction I is 28 ft. The shape and area of cross section that 
will give this head should be constructed. 

186. Surge. Surge in closed acjueducts is similar to the phenomenon 
of water hammer discussed in Sec. 192, and in open channels it is similar 
to the traveling wave, or bore. Both result from sudden changes in the 
velocity of flow Ihrough the conduit. Water hammer may create collaps¬ 
ing or bursting pressures in cIoscmI conduits or overflows in open channels. 
They may be controlled in closed conduits by the methods discussed in 
Sec. 193 and in open conduits by proper design under conditions of 
unsteady flow.* 

* 8eo also ‘‘Delaware Aqueduct-\ . (bntrolliiig the I’low,” Eng, A < ws-Rccord^ Julv 
18, 1940, p. 73. 



CHAPTER X 

STRESSES IN PIPE 


186. Loads and Stresses. Conduits carrying water under pressure 
dev^elop stresses due to the following loads and etmditions: 

1. Internal bursting pressure produces circumferential tension and longitudinal 
tension at bonds and dead ends. 

2. Temperature changes produce longitudinal tr'iision and compression. 

3. Flow around bends produces longitudinal tension. 

4. Weight of pipe, water, backfill, and other superimposi'd loads, and atmospheric 
pressure and reactions at foundations or other supports produce flexural tension and 
compn'ssion. 

Shear may result under the application of any of thi' loads, depending 
on the manner of the load application and the construction of th(' (onduit. 

187. Internal Bursting Pressure. Jntc'rnal pressur(\s are caused by 
static pressure and water hammer. The tension T in a unit huigth of 
pipe, having a radius R and operating under an intensity of i)ressure p, is 
expressed by the formula 

T ^ VR (I) 

The value of p for pressures due to static head is determined by tlu^ 
relation p = wh^ in which w is the weight per unit volume of water aiul 
h is the maximum possible head to which the pipe may b(* subjected. 
The static head is measured from the highest possible position of the 
hydraulic grade line to a point in the pipe. If water hammer can occur, 
the head to wdiich the pipe may be subjected is the sum of the static head 
and the head developed by the pressure rise due to water liamrrK'r. 

188. Temperature Stresses. Longitudinal stresses due to changes in 
temperature can be computed from the expression 

^ = ETC (2) 

where ^ = intensity of stress due to changi* in temperature 
E = modulus of elasticity of the metal 
T = change in temperature 
C = coefficient of expansion of the metal 
If the pipe is to be allowed to expand and contract with changes in 
temperature, expansion joints must be provided. The movement of the 
pipe can be computed from the expression 

M = LCT 

177 


( 3 ) 



178 


WATER SUPPLY ENGINEERING 


where M = change in length of the pipe 
L == length of the pipe affected 
C = coefficient of expansion of the metal 
T = change in temperature 

Temperature stresses and changes in length are usually not considered in 
the design of cast-iron distribution pipes underground. In the design of 
long steel conduits and of pipes conveying hot liquids, allowance should 
be made for temperature stresses unless adequate expansion joints are 
provided to reduce the effects of temperature change. 

189. Flow around Bends. Longitudinal tension resulting from the 
flow of water around a bend in a closed pipe can be completed from the 


e'lpression 


T = 


TTAF^ 

g 


+ 7>A 


(4) 


where W — unit weight of water 

A = cross-sectional area of the pipe 
V == velocity of the flow of water 
g = acceleration due to gravity 
p = intensity of internal bursting pressure 
The first term in formula (4) represents the stresses due to the flow of 
water around the bend. The load is produced by the centrifugal force 

resulting from the mass of water moving 
around the arc of the bend. 

The force 7^may be carried as longitudinal 
tension in the shell and joints of the pipe, or 
it may be supported by a buttress placed at 
the bend. If a buttress is placed along the 
line of action of the resultant, e.g., at E in Fig. 
91, the buttress must resist the resultant force 
^^hose magnitude is 

i. = 2.1 ^ + pj sm 2 (5) 



Flu. 91.—DiaRrain of htrowses 
in a bond. 


Bends and tees that are not supported by a buttress must be ade- 
(luately anchored. Anchors may consist of straps, tie rods, bolted 
flanges, or a combination of them. 

190. Flexural Stresses. Flexural stresses result from the weight of 
the pipe, the weight of the water, from superimposed loads that tend to 
change the shape of the pipe, and from longitudinal loads that are resisted 
by the pipe acting as a beam, a column, or a tie rod. Combinations of 
transverse and longitudinal loads may result in combinations of arch, 
beam, column, and tie-rod actions in the pipe. Such loadings and condi- 
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tions produce secondary flexural stresses resulting in transverse tension, 
compression, and shear that are difficult to compute because their 
magnitudes depend, to some extent, on the local deflections or strains 
produced in the pipe. Their computation must be based on the applica¬ 
tion of the principles of the theory of elasticity to the structural material 
of the conduit. Simple formulas are not available. When the external 
loads are known, the internal stresses and strains may be computed by 
reference to texts on structural analysis. 

191. External Loads on Buried Pipes. Loads on buried pipe arc 
formulated by Anson Marston^ and are discussed by Spangler. ^ Mar- 
ston’s formulas are expressed as follows: 

For backfill load on ditch conduits 


W = 

For superimposed, dead loads along trench 

W = 

For moving, short loads, across trench 

^ = -3- 


( 6 ) 

(7) 

( 8 ) 


where B = width of trench, slightly below the top of the pipe, ft 
Trf, CuK, and C/ = coefficients depending on the conditions surrounding 
pipe in trench 

Ir = impact coefficient, Ijdng between 1.5 and 2.0, depending 
on tlie speed of the moving load 
T = concentrated superimposed load, lb. 

W = load on pipe per foot of length of trench, lb. 
w = unit weight of backfill material, lb. per cu. ft. 

A few^ representative values of the coefficients are shown in Table 45. 
^ 192. Water Hammer. Water hammer is a pulsation of pressures 

above and below the operating pressure, resulting from rapid deceleration 
or acceleration of the velocity of flow of water in a closed conduit. The 
terms surge, ram, and water hammer are applied synonymously to this 
phenomenon. Maximum pressure changes usually occur when the water 
is brought quickly to a stop. The maximum pressure produced can.be 
formulated as 


_ 4,665T^ / 1 _ 

144^ yJl + (Kd/Et) 


(9) 


»Iowa Eng. Expt. Sta., Bull 31, 47, 57, 76, 96, 108, and 112. 

* Spangler, M. G., “Underground Conduits—An Appraisal of Modern Research," 
Proc. A.S.C.E., June, 1947, p. 865. 
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where V = velocity of flow of liquid, f.p.s. 
w = weight per unit volume of licjuid 
E = modulus of elasticity of the pipe material 
K == bulk modulus of elasticity of the fluid (294,000 p.s.i. for 
water) 

d = diameter of pipe, in. 
t == thickness of pipe shell, in. 
g = acceleration due to gravity, 32.2 ft. per sec.- 
'J'he velocity at which the pressure wave travels through the pipe is 


Values of K/E for water and different pipe materials are given in Table 46. 

If L is the length of pipe from gate to point of relief, the time oi 
c*losure must he less than or equal to 2LIVw to develop maximum pressure 


Tabll 45.—SowK Valuks of CoKrFieiLNTs in Mahston’s P'ormi las 


({ului 1 
///R* 

1 

Damp top 
soil and drv 
and wet sand 

Saturated 
\ellow elH\ 

I )(*pth 
of 

cover 


C'oruluit breadth, ft 


1 

2 

3 j 

5 1 

10 

(\i 

1 

Ud 

(\» 

Values of Ct 

1 0 

0 85 

0 72 

0 00 

0 80 

1 

0*52 

0 78 

0 86 

0 00 

0 02 

2 5 

1.7U 

0 14 

1 01 

0 57 

3 

0 125 

0 25 

0 34 

0 44 

0 53 

T) 0 

2 45 

0 10 

3 02 

0 33 

5 ! 

0 045 

0 10 

0 15 

0 23 

0 31 

10 

2 02 

0 04 

4 01 

0.11 

7 ! 

0 02 

0 05 

0 08 

0 12 

0 20 

15 

3 01 


4 34 


10 i 


0.02 

0.04 

0 0() 

0 10 

Inf 

3 03 


4 50 









* If iH depth of (OMT o\cr top of pipe, in feet. 


An approximate value of the pressure rise that occurs w^hen the actual 
time of closure is gn^ater than the critical time 7V = 2L/F„ (greatest 
time that will produce maximum pressure rise) may he obtained hy 
multiplying the maximum pressure ri.se from formula (9) by the ratio 
TJTa. ' 


Material 
Plate steel 
Cast iron 
(\)iierete 
Wood 


Tvbll 46.—Ratios of K/E* 


K/E 
0 01 

0 02-0 022 
0 10 
0 20 


♦ Anous, R. W., “WatPi Ham imi PreamueH in Compound and Hiamhod Pipes ” Tran<t A N C A’., 
0< tolHT. 1939, p. .340 




STRESSES IN PIPE 


181 


The foregoing theory gives approximate values for single lines of pipe 
uncomplicated by interconnections with networks, branch pipes, dead 
ends, or multiple sources of input such as a combination of a pump and 
storage reservoir. A graphical solution for complex problems of water 
hammer has been developed by Robert W. Angus. ^ 

193. Causes and Prevention of Water Hammer. ^ Water hammer is 
frequently encountered in waterworks practice. It may be caused by 
quick opening or closing of valves or gates; the sudden starting, stop¬ 
ping, or variation in speed of pumps; breakage of pipe lines; and other 
conditions. 

Some methods and devices used for the prevention or control of water 
hammer^ include (1) relief valves, (2) air valves, (3) air chambers, (4) 
surg(' tanks or towers, (5) surge suppressors, and (0) slowly closing valves. 
If the cause of the w’ater hammer is at the end of the pipe toward w4iich 
water is flowing, relief devices must be set to minimize an increase in 
pressure; if at the other end of the pipe line, they must minimize a 
decrease in pressure. 

Relief valves may be actuated by a slight change in pressure, of as 
little as 10 p.s.i., to open wide in a few seconds to discharge water to waste 
if an increased pressure is to be relieved or to admit water or air if a 
decrease of pressure is to be relieved. Air-inlet valves are designed to 
open at a slight pressure below" normal operating pressure to admit air to 
avoid the creation of a partial vacuum, (iosed air charnlxTs may be 
used to relieve either a high pressure or a low pressure."* They are 
particularly useful near a valve or faucet on plumbing. Kince closed air 
chambers must be filled with air at the time they are called on to function, 
the chamber should be set on a high point on the pipe line to permit the 
accumulation of air in it. 

A surge tower, in the form of an open tank ‘‘floating on the line” may 
be connected to a pii)e line to take w"ater from it or to deliver w^ater to it 
as the conditions demand. The design of the capacity of such tanks is 
discussed in Sec. 194. 

Surge suppressors are mechanical devices in which the energy of the 
surge is absorbed in springs, compressible fluid, or other mediums, to be 
slowly returned to the water as the suppressor re(*overs from the shock 
of the ram. They are applicable particularly to small pipes and in 

^ Trans. A.S.C.E., October, 1939, p 340. 

2 See also Lapworth, C. F , “Surge Control in Pipe Lines,” Trans. Inst. Water 
Eng., Vol. 49, p. 29, 1944; and Surveyor, July 7, 1944, p. 321. 

® See also Bennett, R., “Water Hammer Correctives,” Water & Sewage Works, 
April, 1946, p R-106. 

* See also Libby, M A., “ Pneumatic Surge Tank Solves Water Hammer Problem,” 
Water & Sewage Works, March, 1946, p. 98. 
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plumbing, rather than to long pipe lines in aqueducts,^ The term sup¬ 
pressor is applied to other devices for the control of water hammer. 

Water hammer resulting from the sudden cutting off of power from a 
pump may be diminished by increasing the inertia of the moving parts 
of the pump so that, acting as a flywheel, the pump is brought more 
slowly to a stop.^ The use of check valves is discussed in Sec. 317. One 
type of valve designed to prevent water hammer is kept open by the 
velocity of the flowing water. When the velocity slows down, the valve 



closes before the direction of flow is reversed to build up water pressure. 

It is seldom that any two cases of water hammer are exactly alike. 
Each must be studied, and one or more of the devices or methods available 
for its suppression must be used alone or in combination with others. 

194. Surge-tower Design. A method for the determination of the 
capacity of a surge tower and the rise and fall of water in it has been 
suggested by Jlalmos.® The following is an example of its application: 

Example: Let it be desired to determine the rwe of wliter le\el in the surge tower 
shown in Fig 92 w hen the pump is suddenly stopped. 

Data: Length of conduit == *1,920 ft ; velocity of flow in pipi* line = 10.17 f ps ; 
velocity of pressure wave m conduit, and in wet well, computed from formula (10) in 
Sec 192, «= 2,950 fp.s.; do = A. 

Nonu nclatun: 

A ~ cross-sectional area 
A o “ cross-sectional area of tunnel 
At = cross-sectional area of tower 
a = velocity of pressure wa\e 

C = coefficient of discharge of opening into surge tower 
g = acceleration due to gravity 
H « head 

IIh *= head at base of surge tower 
Ho ** static head 

*See also White, J. M., “Application of Surge Suppressor in Water Systems,” 
Water Erig.^ Mar. 25, 1942, p, 304. 

*See also Lapworth, (\ F., “Control of Surge in Pipe Lines,” Jour. A.W.W.A , 
October, 1945, p. 1036. 

5 IIalmos, E. E., “The Effect of Surge Tanks on the Magnitude of Water Hammer 
in Pipe Lines,” Sympomnm oti Water Hammtr^ p. 72, published jointly by American 
Society of Civil Engineers and American Society of Mechanical Engineers 1933. 



STRESSES IN PIPE 


183 


L = length of pipe line 
T — time valve closes or pump stops 
V = linear velocity of water 

ixa “ period of conduit =* 2L/a * period of surge tower 

Solution* 1. Determine Hhj where Ab “ zero. The highest possible pressure, 
without a surge tower, is equal to 2KaHo where 


Ka = aVI2gHo = 2,950 X 10.17/64.4 X 39.35 * 11.85 

Hence 


Ih = 2 X 11.85 X 39.35 = 933.5 ft. 

2. Compute Ht where Aa — A 
Under these conditions 

u - i2KaHo)(Ab) 

Hence 


Hb 


933.5 X 

2 


466.7 ft. 


Hb 


Because of the tune required to close tlie valve, and because of the cushioning 
(‘flfect of the surge tower, the pressure rise will be less than that shown above. Under 
this condition 

{Ka){Hb)(Ab)M 
(T)(Aa) 

In this case 

M,, - 2 X 24.6/2,950 - 0.0167 

Then 

Hb = 11.85 X 39.35 X 1 X 0.0167/2.5 X I « 3.12 ft. 
where T = 2.5 sec. 

Enger' states that 


in which 




Br 




^ Enger, M. L., Symposium ov Water //ammer, p. 97, published jointly by Amer¬ 
ican Society of Civil Engineers and American Society of Mechanical Engineers, 1933. 



CHAPTER XI 

IMPOUNDING RESERVOIRS 


196. Function. An impounding reservoir is a basin constructed in 
the valley of a stream to store water during excess stream flow and to 
supply water when the flow of the stream is insufficient to meet the 
demand for water. 

196. Site Characteristics, ('ertain site characteristics are desirable 
for an impounding reservoir. These, with the favorable featui*es of each, 
are: 


1. (JwloRy: 

a. Surface or immediately underlying soil or rock of such composition and struc- 
tun* that it will offer high resistance to the percolation of water through it. 

b. The al)S(‘nce of objectlonahle soluble minerals or salts which would affect 
the (piahty of the stored W'ater. 

2. Topography: 

a. A narrow’ opening to reduce the length of the dam. 

b. A rapid w’id(‘ning of tlie valley or canyon above the dam site to afford greater 
average' volume' pe-r fea)t of he*ight anel length e)f elam. 

r. Ste'e'p side* sle)pe‘s te» reduce surfae'e are*a per unit e)f volume. 

3. Ite'al e'state': 

a. Inexpe'nsive lane! to l)e submerge'd. 

b. Abse'ne'c of railways, highways, and wate'r-pe)W’e'r devedopme'nts which might 
be* s\ibine*rge‘el or ele'stre)ye'el. 

4. Cultural: 

a. Fre*e*de>m from tree's anei unele'ibrush which may have te) be reme)ve‘d. 

t). Abse'iie'e' e)f e)bje*e*tionable vege'tatie)n anel marshy land which might impart 
eibjectiemable e*e>lor, taste, or odor to the store'el water. 

The scdoction of a site for an impemnding reservoir is predicated upon 
the fact that the yield of the stnnim will serve the intended purpose. 

Reservoir sites possessing all these characteristics to a desirable degree 
are rarely found. 

It is possible in many instances to remedy the defects of a dam and 
reservoir site by artificial means. In fact, there are cases in which it is 
absolutely necessary to do so in order to make use of a site. For example, 
at the site of lOcho Reservoir, constructeni by the Bureau of Reclamation 
on the Weber River in Utah, an exceptionally difficult situation was 
reimnlied by the use of cutoff walls and clay puddle extending through the 
pervious upper layers to the underlying impervious clay. In addition, a 
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clay blanket extending a considerable distance above the upstream toe of 
the dam was spread over the stream bed. Pressure grouting may be 
required when the foundation material is composed of porous or shattered 
rock. 

The sanitary features of reservoir sites, their maintenance, and their 
use as re(‘reational centers are discussed in Sec. 448. 

197. Preparation of Site.^ The storage of water in contact with 
vegetation or decaying organic matter may be undesirable. Vegetation 
is removed from reservoir sites by cutting down and removing trees and 
undergro^\th and by burning off grass and weeds. Swampy areas are 
sometimes drained, scooped out, or filled in. In scooping them out, 
depressions in which organisms may grow should not be left in the 
reservoir. It may be considered necessary to remove highly organic 
surface soil such as peat, cultivated land, or boggy muck. Some author¬ 
ities consider it desirable to slrip all reservoir sit(‘s in this thorough 
manner, but the expense is usually a deterrent to the practice. Shallow 
areas should be avoided, as they are conducive to the growth of we(*ds and 
aquatic plants. 

Experience shows^ that the stripping of a reservoir site is an expedient 
which will obviate difficulties when the reservoir is first thrown into 
service, but in time there is little difference between u stripp(‘d and an 
unstlipped reservoir. In general, the stripping of reservoir sites is not to 
be recommcmded because of the expense, which is not commensurate with 
the results. Trees, shrubs, and undergrowth winch may protrude above 
the surface of th(' Avater at any stage should be removed. Human 
habitations, stables, barns, and other possible sources of pollution should 
be removed from the site. 

198. Requisite Capacity. The basic information nec'ded to d(d(»rmine 
the recjuired capacity of an impounding reservoir is a hydrograph of the 
flow of the stream for the longest and driest piM’iod known or predicted 
and data on the probable demands for water during that })eriod. With 
this information available the first step in the determination of the 
requisite capacity of an impounding reservoir is to construct a mass 
diagram of the flow of the stream. This is a curve whose abscissas are 
time and whose ordinates are total flow" from the start of observations to 
the time obsiTved. The information may be taken from a hydrograph, 
as shown in Fig. 93. 

In the construction of the mass diagram, the length of any ordinate, 
such as abj or cd, is proportional to the area under the hydrograph and to 

1 Hazen and Whipple, ‘‘Stripping Water Works Reservoirs,” Eiig. News, Vol. 73, 
p. 858, 1915. 

^Jour. A.W.W.A., 1908, p. 195. 
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the left of the ordinate extended. If the rate of demand is constant so 
that it can be represented by a horizontal line ef on the hydrograph, the 
mass diagram can be drawn as a straight line og. 

Now draw lines parallel to og and tangent to the mass diagram of 
supply, as hj, kl, mn, and pq. The greatest vertical distance between 



JanFMAMJJASON D JonF M AMJJ ASON D JaaF MAMJJASON OJan. 
Fio, 93,—Hydrograph and ma<»s diagram for impounding reservoir. 


tangents in a pair, when measured to the scale of the ordinates of the mass 
diagram, represents the requisite capacity of the impounding reservoir. 

That the vertical distance between tangents in any pair represents the 
deficit of supply over demand for the particular deficit represented can be 
proved as follows: At the point /?, draw a horizontal line hr. At the point 
of tangency k, erect a vertical line rkt. The scalar distance rt represents 
the accumulated demand from the point h. The scalar distance rk 
represents the accumulated supply from point h. The scalar distance kt, 
therefore, represents the accumulated deficit. Any other accumulated 
deficit from h to j will be less than kt. Hence kt represents the requisite 
capacity of the impounding reservoir to supply the deficit during the 
period from h to j. 
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Other information supplied by the mass diagram includes (1) the 
dates that the reservoir is full, points h and m; (2) the dates that the 
reservoir is empty, points k and p; (3) if the flow of the stream is insuflSi- 
cient to fill the reservoir, tangents to low points, such as kl and pq^ if 
extended to the left will not intersect the mass diagram; and (4) if 
tangents, such as hj and mn, extended to the right do not intersect the 
mass diagram, no reservoir can be constructed large enough to supply the 
deficit in the flow of the stream. 

In the event that the rate of demand is not constant, the procedure 
should be to draw both the mass diagram of demand and the mass 
diagram of supply. Then construct a third curve whose abscissas are 
time and whose ordinates represent the dilTerence between the two mass 
diagrams. If horizontal lines are drawn tangent to this third curve, the 
scalar distances between tangents in a pair of tangents will have signifi¬ 
cance corresponding to the scalar distances between the sloping tangents 
where the rate of demand is constant. Other information can b(* obi ained 
from this curve similar to that obtainable from the sloping tangents. 

199. Losses from Reservoirs. Evaporation, seepage, and compen¬ 
sation water represent losses from the stream and reservoir that may 
be considered as negative increments of stream flow. Compensation 
water is water that must be passed downstream from the dam to com¬ 
pensate water rights of persons below the reservoir. These increments 
may, at times, be greater than the flow of the stream so that it is possible 
for a mass diagram of supply, with allowance for losses, to have a negative 
slope. Another loss of capacity experienced by impounding reservoirs 
results from the partial filling of the reservoir by silt. This loss does not 
appear on the mass diagrams. 

200. Measurement of Capacity. The volume of water that can be 
held in an impounding reservoir may be approximately determined by 
multiplying average surface areas between contours by the contour 
interval, or the prismoidal formula may be used, in which 

F = g (Ai + AAi + ^3) 

where V = volume between contours, corresponding to surface areas A 1 
and As 

Ai, A 2 , As = respective areas enclosed within a lower, a median, and an 
upper contour, whose contour interval is h 
h = contour interval 

The summation of separate volumes determines the total volume. The 
capacity of the reservoir is usually expressed in gallons, cubic feet, or 
acre-feet, depending on local usage. 

If the depth of the water in the reservoir increases, the capacity of the 
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reservoir and the surface area of the water in it will increase. Curves 
showing the relation between depth and capacity and depth and area of 
water surface are known, respectively, as capacity and as area curves. 
Such curves for the Geist reservoir at Indianapolis are shown in Fig. 94. 

When the requisite capacity of a reservoir has been determined, as 
explained in Sec. 198, its depth to give this capacity can be read from a 
figure such as Fig. 94. 

Millions of square feef 
0 20 40 60 80 100 120 


Acres 



Fig. 94. Aroa and capacity curves, Geist Reservoir. {From Jour. A.W.W.A., Dicimh 

1946, V. 1326.) 

201. Silting of Reservoirs. Loss of capacity of an impouiuling 
reservoir due to the deposition of silt in it may impair, if not destroy, the 
usefulness of the reservoir in a few years. Annual losses up to () per cent 
of capacity are reported by Brown.^ Witzig^ has formulated the silt¬ 
carrying capacity of streams as in which is the suspended 

sediment carried in the stream, in tons per second; Cg is a coefficient; 
Q is the discharge of stream in cubic feet per second; and x is an exponent. 
Although quite inaccurate the formula may be useful in estimating the 

^ Brow^n, C’. a., ‘‘Reservoir Silting,” Water & Sewerage, June, 1911, p 257. 

* WiiziG, B. J., “Sedimentation in Reservoirs,” Trans, A,S.C.E., Vol. 109, 
p. 1047, 1944, with bibliography. 
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quantities of silt delivered to a reservoir, where values of and of x have 
been determined by observation. Witzig reports values of C, of the order 
of 9.5 X lO-'^ to 2.55 X and values of x from 1.78 to 2.77. The 
average annual suspended silt load can be computed by a combination of 
the ''silt rating curve,*' as expressed by the above formula, and the 
discharge-frequency curve. Silt-bearing water does not always discharge 
its silt in the reservoir. Because of greater specific gravity and lower 
temperature, it may pass through the reservoir as an underflow and be 
discharged over the dam with its burden of silt. Such underflows are 
called "density flows." They have been experienced in many large 
reservoirs. If their control were understood the silting problem might be 
less of a menace. One method of control might be to release silt-bearing 
waters before their silt is deposited. 

After silt has been deposited in a reservoir, there are no practicable 
methods, widely applicable, for removing it. Dredging is expensive, and 
the disposal of the dredged material presents a serious problem. The 
opening of sluices in the dam near the bottom of the n^servoir is ineffec¬ 
tive, as a negligible portion of the silt will be moved. Silting must be 
avoided; it is cured only infrecpiently. It may be avoided by site 
selection, erosion prevention, and desilting w^orks. 'Vhv reservoir site 
may be chosem on a non-silt-bearing stream, or th(‘ K'servoir may be 
located in a basin off the main channel so that h(‘avily silt-laden w^aters 
may he by-passed around the basin. Reservoirs should he located on the 
smallest possible drainage areas, because it has been showm that the rate 
of silting increases direct ly as the ratio of the drainage area to the reservoir 
capacity. Witzig recommends a reservoir capacity of at least 75 acre-ft. 
storage per sejuare mile of drainage area for a 100-year life of typical 
reservoirs in eastern United States. Erosion prevention methods 
recommended for soil conservation include proper crop rotation, plowing 
on (*ontours, terracing, strip cropping, protected drainage channels, 
check dams, reforestation and fire control, and grazing control. Desilting 
works consisting of mechanically cleaned sedimentation basins may 
remove silt from the water before it enters the reservoir. The silt 
removed is discharged into the stream below the dam. 

202. Reservoir Problems. Problems resulting from the construction 
of an impounding reservoir are many and, in some cases, are related. 
Among a few- of these problems may be included (1) the effect on public 
health in the region,‘ (2) the area of land to be flooded, (3) the type and 
capacity of the spilhvay, and (4) the routing of floods through the 
reservoir. Problems affecting the public health may include (1) malaria 

^ Soo also Jones, S L., and A. Wolman, '^Public Health Problems in Impounding 
Water in the Tennessee Valley,” Jour. A.W.W.A., April, 1945, p. 327. 
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control resulting from increased mosquito breeding, (2) recreational 
problems resulting from increased water surface; (3) fishing and hunting, 
(4) food supplies and agriculture, (5) industrial developments, (6) safety, 
and (7) drainage. Construction and control of the reservoir to protect 
the water quality arc discussed in Secs. 448 and 450. In general, it is 
desirable to avoid shallow water and to avoid alternately exposing and 
inundating large areas along the shore. Steep-sided reservoirs are, there¬ 
fore, ideal but are not always obtainable. 

Spillways are discussed in (^haps. II and VII. In general, they should 
be designed to minimize the fluctuation of water level between spillway- 
crest level and high-water level. The determination of the surface 
elevation in the reservoir during flood or when water is being withdrawn 
from the reservoir involves tedious computations. 

203, Routing of Floods.^ By the routing of a flood through a 
reservoir is meant the determination of the ris(^ in elevation of the water 
surface in respect to time. Posey suggests the following method: Select a 
small increment of time t of such duration that the inflow may be assumed 
to be constant. Satisfactory accuracy may be obtained if there are 15 or 
20 steps during the time of a single flood peak. 

Let H\ = storage at the beginning of time 
S 2 = storage at the end of time i 
i == average rate of inflow 
0 = rate of outflow 

Then . 

■s+ 1 ‘) 

where 0 \ is the outflow corresponding to *Si, and 02 is the outflow corre¬ 
sponding to >> 2 - A timesaving computer for the solution of reservoir 
problems is described by Sheplcy and Walton.^ 

From these formulas, together with a depth-capacity curve and the 
calibration of the spillway, a time-surface elevation curve can be plotted 
for the routing of any flood peak through the reservoir. 

^ See also Posky, i\ J., ^Mtoiiting of Floods through Reservoirs with Especial 
Attention to Determination of Spillway C’apacity for Small Reservoirs,” Bvll. Assoc. 
Stale Eng. Soc., October, 1938, p. 155. 

* Civil Eng.^ March, 1942, p. 154. 


Si + it ~ S 2 + ot and it 4 





CHAPTER XII 

PUMPING STATIONS 

204. Buildings.^ The architecture and surroundings of a waterworks 
pumping station can be made as attractive as desired, and the station can 
be operated without nuisance to the neighborhood. A building of 
attractive exterior and interior design, with the grounds attractively 
landscaped and well maintained, to which the public is made welcome, 



Fia. 95 —Thomas .TefFerson pumping station, Chicago, III. {Courtesy of L. D, Gaytort ) 

will be justified by public confidence, esteem, and good will. Fireproof 
materials should be used throughout the structure. Two attractive fire¬ 
proof pumping stations are illustrated in Figs. 95 and 96, the former being 
suited to a residential district and the latter to an industrial district. It 
is obvious that the building must be large enough for and suited to the 
purposes of a waterworks pumping station. Possibilities for growth and 
expansion must be considered in the original design. 

The design of the interior of the building includes the consideration of 
such factors as space requirements for each piece of equipment; the 

1 See also Tentative Manual of Safe Practice in Water Distribution," Jour, 
A.W.WA.j June, 1942, pp. 917 and 926. 
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Fio. 96.—Riverside pumping station, Milwaukee, Wis. {Courtesy of F. Krieger.) 



Fio. 97.—Steam-driven centrifugal pumps, Newton, Mass. {Courtesy of De Laval Steam 

Turbine Co.) 

proper location of the equipment; the heating, lighting, ventilation, and 
drainage of the building; and the interior decoration. Space require¬ 
ments of equipment must be determined from its design or, in the case of 
stockequipment, from catalogue descriptions or similar information. 
The net space requirements will be determined in this manner. The 
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total space allowed should provide for accessibility and convenience. A 
convenient interior arrangement of a small waterworks pumping station 
is shown in Fig. 97 and of larger pumping stations in Figs. 98 and 99. 
Equipment in a small, dark, unpleasant location is more easily neglected 
than equipment accessible for observation, operation, and repairs. The 
location of a piece of equipment is more directly affected by the require¬ 
ments of accessibility and convenience than it is by space requirements. 
Equipment should be located so as to provide short well-laid-out steam 


Fm. 


100 M.6.D,Steam 
turbine driven pump 



200Kw. turbo -generator 
J3= Feed v/ater heater 
C- Reducing valves and 
de- superheater 
D - Water so ftener 

98.—Interior arrangement, Ross pumping station, Pittsburgli, Pa. 


- Coal crusher 
Coal storage si/o 


{From Poiver, 


Apr. 2.3, 1929.) 


piping, electric wiring, belt connections, or other methods of power 
transmission. Each piece of equipment should he accessible to an over- 
liead crane or so located that it can be removed or replaced without dis¬ 
turbing other pieces of eejuipment. The interior arrangements of two 
pumping stations are illustrated in Figs. 98 and 99. 

Provision should be made for adequate heating for the comfort of the 
operators and for the safety of the equipment. The ventilation and 
lighting of all parts of the building should be generous so as to assure that 
no equipment will be neglected, to serve as an incentive to careful 
operation, and to create pride on the part of the operators in the appear¬ 
ance and maintenance of the equipment. A dark, dusty, gas-filled 
boiler room or a damp, poorly lighted engine room is unnecessary and 
avoidable. Plumbing in washrooms must be located and installed to 
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avoid possibilities of contamination of the water. All surface drainage 
must be led away from the water intake or wet well. 

The interior decoration should be simple, light colored, and dignified, 
in keeping with the important nature of the service being rendered. 
Interior walls of white or light-colored glazed tile with dull-colored floors 



i^'tq. 99.—Pump room, Western Ave. pumping station, Chicago. {Courtesy of De Laval 

Steam Turbine Company ) 

of tile or other ceramic or nonabsorbenl material are frequently used and 
are satisfactory. 

206. Location. Factors to be considered in the location of a water¬ 
works pumping station include (1) sanitary protection of the quality of 
the water; (2) the hydraulics of the distribution system; (3) possibilities of 
interruption by fire, flood, or other disaster; (4) the availability of power 
or fuel; (5) growth and expansion; ((>) and the attitude of the neighboring 
property owners. Floods offer a hazard which may he minimized by 
favorable location. To obtain the greatest hydraulic advantage, the 
station should be located near the middle of the distribution system. 
The danger of interruption of service by fire in the immediate neighbor- 
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hood of the pumping station should be considered and a site chosen to 
avoid or minimize this hazard. Where it is impossible to find such a 
protected site, the station should be protected by fire walls, fireproofing, 
and a sprinkler system. 

The use of electricity permits the location of the pumping station at 
any desired site. If coal is to be used, the station should be located near a 
railroad or waterway so that coal may be readily transported to it. In 
general, pumping stations located in residential districts should be 
operated by electricity, as it is difficult and expensive to suppress all the 
nuisances in connection with the operation of a steam plant. 

There should be no reasonable objection to the location of a water¬ 
works pumping station in any district, provided pleasing architecture and 
the proper operation of the station are assured. A waterworks pumping 
station in a residential district is shown in Fig. 95, and one in an industrial 
district in Fig. 90. It is obvious that the style of architecture should 
conform to the character of the district in which the pumping station is 
located. 

206. Choice of Power. Steam, electricity, water, wind, and fuels 
consumed within the engine are all used for driving pumping engines. 
Steam, electricity, and internally consumed fuels are commonly used in 
pumping public water supplies. The type of power selected should he the 
most reliable, the most available, and the least expensive. If all three 
conditions cannot be fulfilled, they should be rated in the order stated, 
with the greatest reliability as the most important. “All main pumping 
stations should be provided with auxiliary sources of power sufficient 
to maintain operations in case of interruption of the primary power 
source . . . 

The design of the largest pumping station usually leads to the selection 
of steam power generated and applied at the pumping station. In cities 
under 50,000 to 100,000 population, and for auxiliary pumping stations in 
larger cities, electrically driven pumps are commonly installed. Because 
of the possiblity of the failure of the supply of electric power, particularly 
Avhen it is imported from an outside source, it is desirable to install 
standby power equipment, either steam boilers and engines or internal- 
combustion engines. The engines may drive the pumps directly or may 
be used to drive auxiliary electric generators, (las or gasoline engines, 
because of their quick-starting characteristics, are suitable for auxiliary 
power. The use of internal-combustion engines as a primary source of 
power is apparently growing in favor, particularly in the case of the 
Diesel engine. 

1 From ^‘Tentative Manual of Safe Practic«‘ in Water Distribution,” Jour. A.W. 
W.A., June, 1942, pp. 917 and 927. 
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The centralization of the generation of electric power is resulting in the 
availability of current at a low price—less than 1 cent per kilowatt-hour in 
some localities. Another saving in electrically driven equipment is the 
reduction in first cost compared with steam power, the fixed charges thus 
being reduced compared with those required for the equipment and 
buildings needed for steam-power generation and application. 

207. Classification of Pumps. Pumps may be classified as steam, 
electrical, water power, wind power, etc., in accordance with the kind of 
power used to actuate them. They may be classified as well pumps, low- 
service pumps, high-service pumps, etc., in accordance with the kind of 
service to which they are to be put. Low-service pumps operate with 
relatively low discharge pressures, and high-service pumps with high 
discharge pressures. Pumps may be classified also as displacement, 
centrifugal, impulse, or bucket pumps, in accordance with the mechanical 
principles of their operation. 

208. Capacity of Pumps. A waterworks pumping station should be 
designed to supply the peak demand without dangerously overloading the 
power and pumping (equipment. It is not necessary that the pumping- 
station ecjuipment should carry the peak demand at rated capacity. 
Practically all typ(‘s of power and ecpiipimmt will operate successfully for 
various periods of time under some overload. The percentage of over¬ 
load, the period of tini(‘ this overload can be carried, and the rated 
capacity of the unit dejKUid on the type of the etjuipment. For example, 
a water-tube steam hoilcT may stand 250 per cent overload indefinitely 
with proper coal-burning equipment, but most types of electric motors 
would fail under more than half such a percentage of continuous overload. 

The highest efficiency and the gi-eatest economy of operation demand 
that the total load on all the units in the pumping station should be 
divided among them in such a manner that each can operate at its rated 
capacity. The operation of a pump or engine at other than rated 
capacity may be uneconomical because of the lower efficiency of the 
machine at other than full-load conditions.' Units are available that will 
operate efficiently when either underloaded or overlcjaded. 

If electrical equipment is used in the pumping station and electric 
current is manufactured by the city or the waterworks department, then 
sufficient capacity must be provided in the power plant to operate the 
pumps in an emergency at their maximum capacity. The maintenance 
and fixed charges on this additional equipment are items in the expense of 
the waterworks. If electrical power is purchased from an independent 
manufacturer, such fixed charges are avoided, but the power company 

'See also Tull, E. K., “^)poratinK EcoiiomieH Effected throuRh Installation of 
Smaller Pumping Equipment,'* Jour, A.W.W.A,^ April, 1935, p. 454. 
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may be justified in levying a charge for readiness to serve if excess current 
is quickly available, whether or not such current is used. The ready-to- 
serve charge may be minimized or avoided by arranging a proper opera¬ 
tion schedule for the pumping station. 

‘‘Pumping station units and auxiliary equipment should be of ample 
capacity and in sufficient numbers of units to permit at least one unit 
being out for repairs without seriously reducing the station capacity.^'* 

209. Selection of Pumps. In the selection f)f waterworks pumping 
eejuipment considerations of capacity, lift, reliability, and economy are 
paramount and should be rated in the order indicated. Additional 
factors include conditions of suction lift, variations in load, floor-space 
requirements, flexibility of operation, starting and priming characteristics, 
type of drive most suitable, and other factors.^ 

The centrifugal pump, because of its outstanding advantages, has 
almost entirely displaced other types of pumps in recent waterworks 
practice. The crank-and-flywheel steam pumping engine, which leigned 
supreme until recently, has now definitely been displaced. The centrif¬ 
ugal pump most satisfactorily fulfills the requirements of waterworks 
service. 

Considerations of operating efficiency are importanr; economically. 
For example, assume that $1,300 will Iniy a motor and a 2,000-g.p.m. 
centrifugal pump with a total lift of 150 ft. operating with 70 per cent 
load factor and an over-all efficiency of 75 per cent. If the cost of electric 
power is 0.45 cent per hp,-hr., life is 15 years, and interest is 3.5 per cent, 
an increase of 2 per cent in the over-all efficiency will be worth $1,420, 
slightly more than the first cost of the eejuipment. 

210. Piping. The layout of t he piping in a pumping station may be as 
important as the efficiency of the pumping equipment in affecting the 
economy of station operation. Short, straight, w^(‘ll-supported pipe lines, 
devoid of traps eith(»r for sediment or for gas, sloping in one direction to 
drains, and with adequate cleanouts and valves should he the object of the 
designer. Desirable velocities may be estimated from a study of Table 
43 with the knowledge that the economical velocity in pipes used infre¬ 
quently is higher than the figures shown in the table. A few’ d(4ails to he 
observed in making pipe connections to centrifugal pumps are as follows: 
(1) The elbow on the suction side of a double-suction pumj) should be 
vertical to the suction nozzle, or a special elbow wdth guide vane followed 
by a piece of straight pipe to the suction nozzle should be used, to equalize 

1 From “Tentative Manual of Safe Praetiee in Water Distribution,” Jour. A W. 
W.A.j June, 1942, pp. 917 and 922. 

*See also Binder, H. P., “Pumps with Special Attention to Water Works Prac¬ 
tice,” Bull. Assoc. State Eng. Soc.^ July, 1934, p. 33; and Maxwell, W. H., “Water 
Supply Problems and Developments,” Sir Isaac Pitman & Sons, Ltd., Ixindon, 1934. 
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the flow on each side of the impeller. (2) On the pump discharge, where 
change of direction is necessary, use a constant-diameter bend, followed 
by a long straight reducer or increaser. Such an installation will most 
effectively interchange velocity and pressure heads. Eccentric reducers 
with the top of the pipe and the top of the reducer at the same level 
should be used in horizontal suction piping to avoid the creation of an air 
pocket. An increaser whose length is ten times the difference in diam¬ 
eters may be considered as ^^long.” 

211. Surge Control. Surge or water hammer in pumping stations 
and pipe lines result from starting or stopping of a pump or pumps, 
sudden opening or closing of a valve of any type on a pipe line in which 
water is moving, the formation of a partial vacuum in a pipe and its 
sudden release, and other causes. The effect of the phenomenon of surge 
or water hammer is to produce pressures either above or below normal 
that may rupture the pipe or draw in pollution. Methods of control^ 
include the use of (1) a flywheel on the pump which, by adding inertia, 
slows its starting or stopping; (2) motor-driven gate or stop valves that 
control the rate of closing of the valve; (3) electrical resistances in the 
starting mechanisms of the electric motor, slo^ving the rate at which the 
motor may be accelerated or decelerated, (4) a pressure-relief valve; (5) a 
surge suppressor, similar to a pressure-relief valve, except that the valve 
is opened by a partial vacuum instead of by a plenum; ((>) an air chamber; 
(7) a surge tank; and (8) a surge buffer wdiich consists of a closed vessel 
with an air valve on top. The vessel i*s normally tilled wdth water. 
When a pressure below atmospheric is experienced, the air valve opens 
and admits air, which acts as a cushion on the arrival of a pressure wave. 
When normal conditions are restored, the air is allowed to escape from the 
vessel which refills with water. 

212. Suction Lift.- Suction lift should be avoided, where possible, by 
installing the pump either in a wet well or in a dry well below the level of 
the water in the intake. The location of pumps in inacessible pits or dry 
wells subject to inundation is objectionable for reasons of sanitation and 
maintenance. Motors driving the pumps should be located above the 
water level in the intake. 

Where suction lift cannot be avoided, provisions should be made for 
priming the pumps, or vacuum pumps may be installed to exhaust air 
from the suction lines. C^are should be taken to assure the use of only 
potable wrater for priming. 

* See also Lapworth, C. F., “Control of Surge in Pipe Lines,’* Jour. A.W.W.A.j 
October, 1945, p. 1036. 

* See also “Tentative Standards of Safe Practice in \\ater Distribution,” Jour. 
A.W.W.A., June, 1942, pp. 917 and 925 
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Suction lines should be made as short and as straight as possible with a 
continuous upward slope from the foot valve in order to avoid air pockets. 
To minimize suction lift it is customary to design the suction pipe larger 
than the discharge pipe on the pump. 

The height to which water can be raised by suction is limited by the 
pressure of the atmosphere, the temperature of the water, the velocity in 
the suction pipe, and the friction losses. It can be expressed as 

H ^ A - (Fp + Vh + Hf) 

where H = possible suction lift 

A — pressure of atmosphere 
Vp = vapor pressure of water 
Vh = maximum velocity head in suction line 
Hf = sum of the friction losses in suction pipe 

213. Operating Schedules. Waterw^orks pumping stations are usu¬ 
ally operated continuously. In the smaller communities with a popula¬ 
tion under 5,000 to 10,000, it is sometimes economical to provide pumping 
equipment and storage reservoir capacity so that the pumps need be 
operated only a part of each day, thus reducing the operating force to one 
shift. In cities up to 30,000 to 50,000 inhabitants, fire pressure may be 
supplied by the pumps in the pumping station, thus avoiding the need for 
fire engines. This affects not only the design of the pumping equipment 
but also the organization and alertness of the operating force. 

214. Auxiliary Pumping Stations. Auxiliary pumping stations are 
sometimes installed on large distribution systems to increase the pressure 
wdiich otherwise might be too low. Low pressures in a district may be 
caused by inadequate sizes of pipe; a large localized consumption, as in an 
industrial vsection; or high elevations above the main pumping station. 
Auxiliary pumping stations are sometimes equipped with automatically 
operated devices wdiich may be remotely controlled at a central station. 
Steam pow^r is not suited to automatic control; an automatically con¬ 
trolled, internal-combustion engine should not be left operating with¬ 
out attention, h^lectric motors and equipment arc most suitable to 
unattended automatic operation or remote control. 

Automatic or remote control is convenient, and it may be economical. 
No full-time operator is needed at the auxiliary station where electric 
equipment is installed. Daily, or more frequent, visits arc desirable, 
however, and dependence upon automatic apparatus may result in costly 
breakdowns due to neglect, improper lubrication, or other causes. 

216. Cost of Water and of Pumping. The cost of w^ater is markedly 
different in different communities because of the various conditions under 
which it must be obtained. The least expensive supply is a potable 
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surface supply which can be distributed without pumping and is available 
near the city. Ground waters, at a remote distance, requiring purifica¬ 
tion are among the most costly. It may cost anywhere from 1 cent to 30 
to 40 cents, or more, per 1,000 gal. of water delivered to the customer to 
construct and maintain a public waterw^orks. 

The cost of pumping water includes interest and depreciation on the 
building and equipment, sometimes called the fixed charges; and the 
wages of labor, the cost of power, insurance, taxes, etc., sometimes called 
the operating charges. In addition to these items the cost will be affected 
by the efficiency of the pumping equipment and the rate of interest 
allowed in amortizing the plant. For comparative purpose's the cost 
should be expre'ssed in (;ent-s per million gallons raised 1 ft. In practice it 
is customary to express the cost of water in cents per thousand gallons, 
regardless of the lift. 



CHAPTER XITI 

STEAM AND RECIPROCATING PUMPING MACHINERY 

216. Pumping-station Equipment. Improvements and economies in 
the generation and application of steam power have so kept pace nith 
progress in internal-combustion engines and the centralized production 
and transmission of electric power that, under favorable conditions, the 
development of steam power and the use of steam-driven pumping 
machinery, particularly in the larger installations, will prove economical. 
The reciprocating pumping engine is considered obsolete. Some knowl¬ 
edge of its characteristics is desirable, however, as the machine is in use, 
and its possibilities should be appreciated. 

Recent developments in steam pumping-station design include a 
marked increase in steam pressure; the use of economizers; air pndieatc'rs; 
V^etter furnaces and combustion equipment; the use of electric drive for 
station auxiliaries; the use of the regenerative cycle for l(‘ed-\\a1er 
heaters; and improvements in turbines, condensers, and auxiliaries. 
Some of the latest steam plants have eliminated the economiz(*r, finding it 
more economical to salvage the heat for air preheating and to heat the feed 
water with live steam. 

Furnace and boiler efficiencies of 85 per cent are commonly attained' 
and under test conditions are over 90 per cent. This has becm accom¬ 
plished at the same time that lower stacks have been made i)ossible by the 
more extensive use of forced draft and mechanical stokers. 

Recording instruments, such as rate of pumping, water discharge 
pressures, total lift, coal w^eighing, feed-water measurements, steam 
pressure, flue-gas temperature, feed-water temperature, electric consump¬ 
tion, etc., should be included in the equipment of a pumping station. 
The existence of such continuous records, provided by such ecjuipment, 
supplies valuable data for operation and serves also as an incentive to 
efficiency on the part of the operators. 

217. Steam Pumping Engines. \ steam pumping engine, or, as more 
commonly knowm, a ‘‘steam pump,’’ consists of one or more steam 
cylinders with pistons which are connected directly or by cranks and 
shafts to one or more water cylinders. The water end of a horizontal, 

'See also Eyre, T. T., “Recent Advances in Steam Plant Design,” Civil Eng., 
September, 1935, p. 583. 


201 



202 


WATER EUPPLY ENGINEERING 


outside center-packed plunger pump with condenser is illustrated in 
Fig. 100. 

Steam pumping engines are classified in accordance with the number 
of steam and water cylinders, the expansion of the steam, and other 
conditions. A pump taking steam from the boiler during the full length 



Fuj 100 W ator end of pumping engine. (\ 'ourit^y of Alhs-('halmn h Manufadm ing Co ) 

of the stroke is kiio\\n as a direct-acting steam i)ump Such pumps are 
used in small waterworks pumping stations with capaciti(‘s up to 2,000,000 
gal. per day. 

A triple-expansion steam engine is illustrated in Fig. 101 with a steam 
turbine-driven centrifugal pump in the foreground. Although the steam 
engine may be equally efficient or more so than the turbine-driven 
centrifugal pump, its first cost, maintenance cost, and the capital charges 
on the larger building required to house the pumping engine have com¬ 
bined to restrict the use of this type of pumping machine. 

218. Steam Turbines. The steam turbine is a prime mover using the 
expansion and the velocity of steam to generate power. Its efficiency and 
simplicity are secured, in part, through the absence of reciprocating parts 
and ease in lubrication.^ 

‘ Sec also Church, K. F , “Steam Turbines,” McGraw-Hill Book Company, Inc., 
New York, 1936. 
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A steam turbine is simpler in construction and is easier to operate than 
a high-duty triple-expansion pumping engine. Turbines are adaptable to 
the use of steam at pressures varying from less than atmospheric to the 
highest pressures and degrees of superheat practicable in steam boilers. 
Over-all heat efficiencies of 18 per cent are not uncommon, and 22 per 
cent has been attained.^ Water rates of 12 to 20 lb. of steam per indi- 






Inlfj 




of Ferdinand Krieger ) 

cated horsepo^ver-hour can be anticipated ^^ith their use. The smaller 
rates are obtained in the larger un.ts. Oning to low first cost relatively 
small space requirements, and efficient operation the ^ 

steam-turbine centrifugal-pump unit are usually lower than on a triple- 
expansion pumping engine. The result is that m the latest installations 
inLge pumping stations there is a tendency to install the turbine-driven 

pumping unit. 

1 See “Mt. Royal PumpuiK Station, Raltiiiiore,” Jour. A.W.W.A., Vol. 10, p. 758, 
1923. 
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Steam turbines are suited particularly to the driving of centrifugal 
pumps or electric generators. An installation is illustrated in Fig. 97. 
Because the economical speed of steam turbines is much higher than the 
economical speed of centrifugal pumps, the two must be connected in such 
a manner that the pump may revolve more slowly than the turbine. 
This is commonly accomplished by means of reduction gearing. Steam 
turbines require relatively small housing space compared with reciprocat¬ 
ing steam pumping engines, and they can be constructed in any size. 
Units of 100,000 hp. have already been constructed, and there seems to 
be no limit to their capacity. An added advantage to their use is the 
extreme flatness of the rating curve. A test at Cleveland^ sh()^^ed a 
variation in power consumption of 7 per c(‘nt for a load variation of 100 
per cent. 

Practice has found it best to use superheated steam in turbine opera¬ 
tion, but as Ihe pressure drops in the turbine the steam must be reheated. 
For this purpose exhaust steam from the turbine is led througli reheaters 
and is then used to drive the turbine. An advantage of bleeding steam 
from the turbine to preheat feed water is that it reduces the volume of low- 
pressure steam that must be handled in the turbine and, at the same time, 
utilizes the heat efficiently. 

219. Water Rates and Duties. The water rate of a steam engine* is 
the number of pounds of steam (‘onsumed per indicated horsep()W(*r-hour. 
The most efficient machines may be e\pect(‘d to have w^ater rat(*s of 12 to 
18 lb. Some less efficient machines, as Mlirect-acting noncondensing 
steam pumps, may have rates as high as 50 to 80 lb. An indicated 
horsepow'(*r-hour is a measure of the energy delivered by the steam to 
the engiiu'. It must not be confustd with the horsepow’er delivered by 
the engine. The mechanical efficiency of an engine is the ratio of the 
delivered, or brake, horsepower to the indicated horsepower. 

The word ^^duty,” used as a measure of efficiency, has been applied 
mainly to j)umping engines. Duty and efficiency are expressions of tlu* 
same thing in different units. The duty of a pump is the number of foot¬ 
pounds of work done by the pump per 100 lb. of coal, or per 1,000 lb. of 
steam, or per 1,000,000 B.t.u. consumed in doing the work. These units 
are only approximately equal, with the result that there may be some 
discrepancy in the measure of the duty of a machine unless it is measured 
in terms of heat units. A high-duty pump should have a duty'above 
150,000,000. An ordinary pumping engine may be expected to have a 
duty of 100,000,000. The duty of a pump, expressed in British thermal 
units divided by 778,000,000, is equal to its over-all efficiency. 

* See alao Mullergren, A. L., “Modern Pumping Station Design and Its Prob¬ 
able Future Development,” Jour, A.W.W.A., Vol 18, pp. 180 and 184, 1927. 
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220. ffigh-pressure and Superheated Steam. High-pressure and 
superheated steam are used to increase the efficiency of power production. 
The limit of the pressure and the temperature is fixed by the strength of 
available materials and the lubrication problems developed. At a 
waterworks pumping station it is not customary to exceed 500 p.s.i. 
pressure with 250® of superheat. 

L. A. Day stated that:^ 

Superheated steam in the cylinder of a steam engine transfers heat to tlie 
cylinder walls but instead of condensation occurring on contact as with saturated 
steam, the superheat must first be withdrawn. Suj)erheated steam maintains a 
higher cylinder-wall temperature and, if su})erheating is carried far enough, 
condensation can be delayed until after cutoff and even until ex])ansion is partly 
completed. Also, the specific volume of superheated steam is greater than that 
of saturated steam, and this increase in specific volume, the pressuie ])eing con¬ 
stant, diminishes the weight of steam to the engine and has an influence on the 
economy gain, as has also the lower thermal conductivity of superlnated in 
comparison with saturated steam. 

Owing to the absence of moisture, superheated steam offers less 
friction passing through pipes than is offered by saturated stearn. There¬ 
fore the speed of travel can be higher, and the piping, fittings, and valves 
can be smaller. When piping is designed specially for superheated steam, 
the reduction in size will go far toward paying for the superheaters. 
Where superheated steam is turned into existing piping, the radiation may 
be somewhat greater than if the piping Were the proper size, but the 
reduction in pressure would be less. The actual radiation from super¬ 
heated steam, under similar conditions, is less than it is with saturated 
steam, because, even though the temperature is higher, its low conduc¬ 
tivity makes it lose heat more slowly. Besides, the pipes ar(‘ not w^(‘t and 
so have less conductivity. Depending on the steam speed and the pipe 
protection, superheated steam is figured to lose 1° of superheat in (> to 10 
ft. of travel. 

221. Overload and Underload. The power that a pump will deliver 
when operating under the most economical conditions should be the 
rated power of the pump. This is usually the load for which the pump 
will operate at maximum efficiency, f.c., with lowest water rate. Opera¬ 
tion at the low^est water rate may not give maximum over-all economy, as 
the operation at a faster rate may reduce the cost per unit of volume 
pumped by spreading the first cost over a larger amount of water, or 
operation at a slower rate maj'' increase the life of the pump. The water 

' Day, L. A., *‘Some Economic Features of Pumping Station Operation,” Jour. 
A.W.W.A., Vol. 7, p. 795, 1920. 
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rates of various types of pumping engines at various degrees of over- and 
underload are shown in Fig. 102. 

Operation at any but the rated load is usually less economical 
than operation at rated load. Part-load operation should be avoided 


Water Rates of Steam Engines 
at Part Loads 

Curve! Single Cylinder, non-oondensn^ 
auhmafic valve 125lb boiler 
jats^re ‘/4 cut-off 80!HP 

Curve Z Same, except *he ‘ H P /? 300 

Curve 3. Compound, non- condensing, 
four-valvff, medium speed, 
Cylinder ratio 1501b boiler 
pressure cut off300HP 

Curved- Tandem compound,non-con<kn- 
smg, Automatic vatve. CyJmcter 
ratio 4.1140 tb boiler pressure 
IM cut off 150 H P 

Curves Same except condensing 
wdh 2o-m vacuum 



50 75 

Per Cent of Full Load 


Fig. 102. — Water ratew of .steam engines at part load{j. 


where possible in routine operation. In the sealed ion of pumps for a 
particular load, if dependence is placed upon carrying peak loads on the 
pumping station at maximum permissible overload on the pumps, the 
first cost of the pumps will be lowered. The maximum overload to which 
a pump can be subjected is dependent on the design and construction of 
the pump and on the duration of the overload. It is unsafe practice to 
depend on more than about 150 per cent overload capacity for a long 
time. 
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222« Comp6iisators. The force that causes the discharge of water 
from a reciprocating steam pump should be applied at a constant rate 
during the entire stroke in order to balance the resisting forces Avhich are 
normally constant. If the total pressure on the steam end of the pump 
drops below that on the water end, the movement of the piston will be 
stopped or reversed by the water pressure. 

When steam is used under full boiler pressure for the full length of the 
stroke, no difficulty is encountered if 

AJ\ = .4„Pu, 

in which and Aw are the areas of the steam and water pistons, respec¬ 
tively, and P, and Pw are the intensities of the steam and water pressures, 
respectively. If the steam pressure is cut off from the boiler at some time 
during the stroke and steam is allowed to expand, the pressure drops 
immediately and motion would cease if other forces were not exerted. 
Any device for exerting such a force to carry the pump through the 
remainder of the stroke after cutoff is called a compensator.^^ The 
compensator absorbs energy when the steam port is open, and it delivers 
energy to the pump Avhen the steam is cut off. Various ingenious ilevices 
have been invented and used for compensation, but the one device in 
almost universal use at the present time is the flywheel. 

223. Waterworks Type of Condenser. The maximum possible 
expansion of steam is secured by discharging into a vacuum. The desired 
vacuum is usually creat('d by the condensation of the exhaust steam from 
the steam cylinder. The use of a condenser cuts down the back pressure 
on the exhaust and makes additional pressure available for driving the 
pump. The amount of additional pressure is dependent upon the 
intensity of vacuum maintained. The intensity of vacuum is usually 
expressed in inches of mercury. 

Tw^o types of condensers frecjuently used in power plants are the surface 
condenser and the jet condensc^r. Surface condensers are cither water- or 
air-cooled. In a waterworks jmmping station, water-cooled surface 
condensers are used almost exclusively. In the water-cooled surface 
condenser, steam is condensed by passing it through tubes which are 
surrounded by the cooling water, as shown in Fig. 103. This type of 
condenser is so commonly used in waterworks pumping stations that it is 
frequently called the ‘Svaterworks type.^^ Such condensers are so 
designed that the cooling tubes have about 2 sq. ft. of cooling surface per 
horsepower of the pump. 

A vacuum as high as 25 in. of mercury, which is equal to an absolute 
pressure of about 2 p.s.i., is ordinarily carried in a waterworks condenser. 
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A vacuum pump for the removal of air from the condenser is essential to 
its successful operation. 

The waterworks type of condenser is commonly connected in the 
suction line of the pumps so that the entire public water supply is used for 
cooling the condenser. The rise of temperature of the water is so slight 
as to be unobjectionable. 

224. Steam-pump Auxiliaries. The auxiliary pumps and motors in a 
steam pumping station include the feed-water pumps, circulating pumps, 



li<». ion. Waterworks type of surface condenser. {Courtesy of Al}%s-(^halmer8 Manu¬ 
facturing Co.) 

and other condenser auxiliaries; oil filters; mechanical stoker drives; and 
draft mechanism.^ 

Recent practice is to use electric drive Yor all auxiliaries, if possible 
installing a d-c electric generator on the shaft of the turbine-driven main 
pumping unit. For starting up the plant, some stand-by unit will be 
required. As such an arrangement prevents the use of exhaust steam for 
feed-water heating, it has been found more economical to bleed live steam 
directly into the feed water. This is called the regenerative sj'^stem. 

225. Pistons and Plungers. Water may be drawn into or expelh^d 
from the water cylinders of a pumping engine by either pistons or plung¬ 
ers. A piston is a diaphragm which fits close to the walls of the cylinder 
and expels or draws in water by displacement. Packing is placed on the 
outer edge of the piston so as to expand and touch the walls of the cylin¬ 
der, thus preventing the passage of water from one side of the piston to 
the other. 

A plunger is illustrated in Fig. 104. It is to be noted that it does not 
fit tightly against the walls of the cylinder. As the plunger moves in and 

^ CiJNNiNOHAM, F. (J , ^‘Selection of Auxiliaries for Steam-operated Pumping 
Stations,^’ Jour. A IF W.A , March, 1924; Fern\ld and Orrok, “Engineering of 
Power Plants“Serial Report on Condensing Equipment/’ Prime Movers (Com¬ 
mittee, Nat. Electric Light Assoc.^ Pub 24-78. 
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out of the water cylinder, water is drawn in and expelled. The packing 
used to prevent the passage of water around the plunger is shown at .4. 
This packing is in an advantageous position, as it is visible and accessible 
to the operator who can adjust it as desired without stopping the opera¬ 
tion of the pump. A plunger pump is more suitable than a piston pump 
for the handling of water carrying gritty material. 

226. Speed and Stroke of Pumps. The stroke of a pump is the 
linear travel of the water piston or phinger from one extreme position to 
the other. The reversal of motion <-onsumes energy; hence, long-stroke 



liu. 104 C\*ntcr-packcMl plunger pump and an end-]>n ked plunger (From StafidanlH of 

th( Htfdiauhc Socuty ) 


pumps lose loss energy than short-stroke pumps pea* unit ol volunu' 
pumped, but the greater length of steam and water cylinders adds to the 
first cost of the pump. 

The speed of travel of the piston or ])lung(‘r is limited to about 100 to 
150 f.p.m. where ordinarywater valves ar(‘ used. Tliis is liecause the 
valves do not close with sufficient rapidity to peimit greater ,s])eeds with¬ 
out too much slippage of water past the valves. The slip])agf‘ of a })Uinp 
is the amount of water that passes from one side to the other of the piston 
or plunger plus that which passes the valves in the wrong din'ction. 
Slippage is usually expressed as a jiercentage of the total displacement of 
the piston or plunger. For example, if it is found that a pump with a 10- 
in. piston, a 2-in. piston rod, and a 12-in. stroke, running at 50 r.p.m., 
delivers 375 g.p.m., the slippage will lie (^00 — 375)/400, which equals 
G per cent slippage. The dgxiominator of this fraction represents the 
total displacement of the pump in gallons per minute. 

Slippage through the w^ater valves due to high speeds of operation can 
be partly over(*ome by moving the valves with mechanism directly 
connected to the moving parts of the pumping engine. With such 
equipment, piston or plunger speeds up to 500 f.p.m. are used. 
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227. Water Valves. An ordinary water valve for a pump is shown in 
Fig. 105. The valve consists of a leather or rubber disk that rests across 
the ports through which water passes. The disk is held in position by a 
coiled spring held by a spindle threaded into the center of a “spider/' 



shown in the figure. The valve is opened by the 
pressure of the water beneath it and is closed by 
the water and the spring when the water attempts 
to pass in the reverse direction. The diameter of 
the disk is limited by the pressure against which the 


pump operates, but valves more than about 4 in. in 



diameter are not used because of the danger of break¬ 
age of the disk. The desired area of port openings 
is secured by using a large number of valves. They 
are groupc'd on “cages," as shown in Fig. 106. The 
total area of the port opening should not be less than 
about twice the area of the suction or the discharge 
l)ipe served. 


Fid i05-~0idinarv 228. Foot Valves. Foot valves are used on the 
pinup va vt lower (‘nd of the suction pipe of a pump to prevent 


water that has already entered the 
the suction well. One typ(‘ of foot 
net area of the opening of the valve 
should exceed 150 per cent of the 
cross-sectional area of the suction 
pipe. 

Foot valves are necessary on 
single-acting pumps and on ordi¬ 
nary centrifugal pumps that are not 
operating submerged. They are 
used on other types of pumps as a 
measure of protection. Where foot 
valves arc used on large pumps 
^\ith high suction lift, the water 
hammer caused by sudden closing 
of the foot valve may injure the 
pump. This difficulty may be 
overcome by placing a check valve 


suction pipe from falling back into 
uilve is illustrated in Fig. 107. The 



I lo lOG — Punip-val VC r a^c < o ipletc. 
Standard horizontal and \ertital (Cour¬ 
tesy of Allis-Chalmers Manufacturing Co ) 


in the suction pipe close to the pump. The check valve should be 
designed to close slightly in advance of the foot valve. 


The foot valve is usually protected by a screen to prevent the entrance 
of material that might clog or injure the pump. The cleaning of the 
screen may retjuire frequent attention under certain operating conditions. 
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229. Air Chambers. The reversals of direction and the changes in 
speed of the reciprocating parts of a pumping engine may result in 
fluctuations of pressure in the discharge or suction piping of such magni¬ 
tude as to burst the pipe or to cause difficulties in the distribution system 
or to cause the pump to lose suction. The violencf^ of the pressure 
fluctuations can be diminished by attaching air chambers to the suction 
and discharge pipes. 

The capacity of the air chamber is based upon the piston displacement. 
For slow-moving pumps under moderate pressures the (capacity of each 
air chamber should be about equal to one piston displacement. The 
chamber should be enlarged for high-speed and high-pressure pumps. 
Air chambers with capacities six to eight times the piston displacement 
are not uncommon. The air chambers are 
most effective when they are connected as 
closely as possible to the water cylinder of the 
pump, as shown in Figs. 100, 101, and 130. 

They should be placed on the dead end of a T or 
on top of the suction chamber, preferably on the 
opposite side of the chamber from the suction or discharge pipe, and in 
such a position that rising air will accumulate in them The air cham¬ 
bers should be provided with a glass gage and air valves in ordcT that the 
volume of air in them may be observed and controlled at all times, 
llie water opening into the air chamber should be of the same size as 
the pipe in which pressure relief is required. 

230. Setting of Reciprocating Pumps. A pumping engine should be 
securely fastened to a firm foundation to prevent shocks and vibrations 
from being transmitted to the suction and discharge piping. A common 
and satisfactory method is to bolt the pump to a heavy coiu;rete founda¬ 
tion. A wooden foundation is unsatisfactory, as the pump will work 
loose, thus throwing undue stresses upon the pipe connections, which may 
crack them or cause leaks. 

The size, length, and arrangement of the suction pipe mat(^rially affect 
the success of the operation of the pump, as stated in Sec. 212. A 
velocity of not more than 2 f.p.s. in the suction pipe should give a satis¬ 
factory size. In the discharge pipe, 4 to 5 f.p.s. will be satisfactory. Air 
chambers should be used as described in Sec. 229, and foot valves should 
be used as described in Sec. 228. 

The priming of the pump should be provided for, where necessary. 
A foot valve is essential in almost every case where priming is recmired. 
A pump is primed by connecting a high-pressure water line to it so that 
water can be admitted to the pump from this line; or where the pump 
discharges directly into pressure pipes to which other pumps are con- 



Fio. 107.—Foot valve. 
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nected, it is simplest to prime by admitting water to it through its own 
discharge pipe, the water entering through a by-pass around the check 
valve on the discharge pipe. 

A check valve should be placed on the discharge pipe close to the pump 
in order to relieve the pump valves from the discharge water load w^hen 
starting and as a factor of safety in the event of accident. A gate valve 
should be placed on the discharge line beyond the check valve so that 
necessary repairs to the pump and check valve can be made when the 
gate is closed. A safety device should be installed to prevent the closing 
of the gate valve while the pump is in operation. Otherwise the pump 
may be wrecked. 

231. Steam Fire Pumps. The National Board of Fire Underwriters 
has standardized specifications for pumps intended for fire protection 
only, as, for exampk*, pumps that are used in industrial plants, buildings, 
and similar locations. The specifi(*ations are not applicable, in all their 
details, to watcTworks pumps. Where fire pumps alone are to be 
installed, they should be designed in accordance with these specifications. 



CHAPTER XIV 

ELECTRICAL EQUIPMENT 

232. Electric Power. Reliabilty, simplicity, availability, cleanliness, 
and relatively low costs combine to increase the utilization of electric 
power in waterworks pumping stations. Electric power is us(^d almost 
exclusively in smaller pumping stations retumtly designed. Steam power 
is to be found in few new installations other than in combined water, 
light, and power plants and in large pumping stations where economy or 
other considerations dictate its adoption. Electric current can usually be 
purchased more cheaply than it can be generated in any but, th(‘ largest 
waterworks pumping stations. The universal use of (‘le(*tric power in 
waterworks practice', as well as in most other fields of engineering, reejuire's 
a working knowledge of electrical eeiuipment and its limitations. The 
waterworks designer must know what can be done with electrie'ily, what 
equipment is available, how to specify the (Hiui])m('ni to be instalh'd, how 
to install it, and the conditions of operation that may affect the' type e)f 
equipment to l)e selected, (hjmpre'he'nsive st,anelarels e)f ele'ctrie*al 
equipment and methoels of installatiem, approve'el by the \atie)nal Board 
of Fire Unelerwriters and by the Amerie*an Stanelarels Asse)ciatie)n, we're 
publisheel in 1940 with subsc'epient supplements. It should serve as a 
guide in the design, pure;hase, and installation e)f electrical eepiipment. 

233. Electrical Equipment. In the design e)f a waterworks i)umi)ing 
station in which electric power is to be use*d, provision must, be made 
for receiving, conveying, and utilizing the* current. This involve's such 
equipment as transforme'rs, switchboards, motors, e*ircuit bre'ake'rs, 
relays, and safety elevice's. Knowk'dge of the nature of eleedric circuits is 
necessary in the application of such ecpiipinent. 

234. Electric Current. The type of electrical equipment use^d must be 
suited to the type of edectric current available. Very little electric power 
equipment is interchangeable between types of ek^ctric (;urr(*nt, and the 
pumping-station design is commonly limited to the kind of curn'iit avail¬ 
able on the wires of the public-service company. Most power lines in the 
Ignited States carry three-phase GO-cycle alternating current. In some 
communities direct current and other combinations of phase and fre¬ 
quency in alternating currents are available siK^h as single-phase, two- 
phase, 25-cycle, and 50-cycle currents. Advantages of alternating 
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current include lower first cost and lower maintenance cost of induction 
equipment as compared with direct current equipment, and the ability to 
step the voltage up or down by the use of transformers. 

Direct current is more costly in transmission and application because 
of the larger conductors needed and bec^ause of the greater first cost and 
maintenance cost of d-c motors. Direct-current wiring may be more 
simple than the wiring for polyphase alternating current; motors, bat¬ 
teries, and electrolytic equipment can be on the same circuit; the use of 
direct current allows better control of motor speeds; there is unit power 
factor under all conditions; and in certain applications, such as in electro¬ 
magnetic devices, in starting synchronous motors, and in battery charg¬ 
ing, its use may be either desirable or necessary. Where only alternating 
current is available, direct (Uirrent can be produced in the pumping 
station by motor generators or current rectifiers. 

In general, polyphase alternating current is used almost exclusively in 
waterworks pumping stations because of the availability of simple, 
rugged, low-cost, (;onstant-specd polyphase motors. Such motors can be 
operated at higher voltages than if direct current is used, thus decreasing 
the cost of the machine. Where electric current is generated within the 
pumping station and there are few motors or where the motors are to be 
operated at variable speed, the use of direct current may be advantageous. 

236. Voltages. The v()ltag(‘s used in the transmission of electric 
power may be much higlnu* than the voltage at whi(*h power is delivered in 
the pumping station. In general, it may be expected that the highest 
voltage coming into a pumping station will not exceed 13,800 volts; 
usually it. is not over 2,200 volts. Such voltage can be stepped down by 
transformers to the standards for various applications shown in Table 47. 


Tablk 47.— Standard^ Voltaoes Used fob Pumpino Kquipment in Waterworks 

PuMPiNtJ Stations 


D.-c. 

1 "scs 

A.-c. 

L'ses 

voltaRt' 

voltage 

no 

Lighting, motors 

no 

Lighting, small motors, small apj)lian(*(*s 

220 

Motors-all othor 

110-120 

Lighting, small appliances 


purpose's 

220 

Motors, electric ranges 

550 

Motors-all other 

440 

Motors 


purposes 

550 

Motors 



2,200 1 
4,000/ 

Motors larger than 60-100 hp. 


1 

1 

6,600 ] 
11,000 1 

Distribution lines and, sometimes, large 
motors 



13,200 J 


1 A.S.A., National Klectrioal Manufacturing Association, and A.l.E.E. Standards. 
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Conditions affecting the voltage to be used include first cost of equip¬ 
ment, cost of maintenance, and danger to personnel. The higher the 
voltage the lower the cost of copper but the greater the cost of insulation, 
and the greater the hazard to personnel. A 100-hp. 110-volt motor vill 
cost more than a 100-hp. 550-volt motor. In general, no special hazard 
exists and no objections are offered by personnel when the voltages are 
440 or less. At and below this voltage the cost of the equipment and its 
installation will usually control in the selection of the voltages to be used 
in the pumping station. 

236. Frequencies. That frequency should be selected ^\hich is most 
suitable for all purposes in the pumping station because the use of 
different frequencies on different equipment is impractical. Sixty cycles 
has been found most satisfactory because it avoids noticeable fli(*kering 
of lamps, which occurs at 25 cycles, and most motors and other uuluc- 
tion equipment can be manufactured at less cost at tlu' higher frequency. 
However, on the basis of power utilization alone, particularly on slow- 
speed induction motors the lower frequency is advantageous because 
of less inductive effect, greater simplicity in design, and the better power 
factor obtained. 

237. Phases and Circuit. The number of phases and the type of 
circuit to be used are of importance in power transmission. They are, 
therefore, important in poww utilization becausi^ (Miuipmeiit must be 
suited to the type of current utilized. Systems of transmis^^ion in use 
include those listed in Table 48, which includes also a summary of the 
relative advantages of the various circuits. iVIore than three phases are 
not commonly transmitted on public-service powder lines. Single-phase 
two-wire, single-phase three-wire, and three-phase thrc'e-wire circuits are 
in common use. The cliange of motors, and some other eciuipmeiit, from 
single phase to three phase involves rewinding. Ilowevc'r, it is possible, 
by the use of transformers to interchange between two-phas(' and three- 
phase currents, and between three-wdre and four-wire circuits. 

238. Characteristics of Electric Motors. In the selection of an 
electric motor conditions to be considered, in addition to the type of 
current and of circuit available, include (1) first cost and maintenance 
cost; (2) suitability for the character of work to be done; (3) speed, speed 
regulation, and speed control; (4) ease in starting; (5) starting current in 
terms of full-load current; (6) starting torque in terms of full-load torque; 
(7) power factor; (8) rated power; (9) partial load characteristics; and 
(10) whether enclosed, semi enclosed, or open. Some characteristics of 
the more common types of electric motors are listed in Table 49. Motors 
with other characteristics may be manufactured by special windings, 
usually at a higher cost than for standard-type motors. 
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Tablk 48.— Relativk Advant a(;es of UmcviTfi and Phases of Electrical Systems 


System 

Relative w'cight 
of copper, based 
on carrying 
capacity 

1 Remarks 

Single-phase alternating- 
e\irrent or two-nire di¬ 
rect enrrent 

115 

Most simple of all forms 

Sinj^Ie-phase alternat 
eurrent or three-wiri' 
direet-current 

U-220 V >1 

• llOV • llov i 

Ml wires same 
size 87 

Neutral 0 7 
outside w ire 

77 5 

,\llows use of two voltages 

Two-])hase allernatiiiK 
current 1hr('(*-\\ ire 

• 

110 

• llov • 

Coinmon wik' 
\/2 X outside 
w ire 

07 5 

Mon‘ sitnpl(‘ than four-wire circuit 

Two-pha.se alternatiiiti 
current four-wire 

• 

llOV 

• IJO V •llov# 

115 

Requirts only tw'o transformers, and 
two phase's art* insulatt'd from each 
other, imh'pendent in op(*ration 

4''Iiree-i)hase alternatinj; 
current tlire(*-wir<‘ 

• 

liov llov 

• iiov • 

100 

Voltages bt'tween lines art* etpial and 
all wires are same sizt*. Simple com¬ 
pared with four-wire circuit 

T]in‘(‘-phase alternatin^ 
current four-wire 

# ^ \ 

•< 

• 190 V • 

All win*s same 
size 77 

Neutral 0.7 

X outside 
wires: 71.5 

Principal savings in c‘opper 
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Type of motor 

Characteristics, advantages, and applications 

Shunt wound, direct cur¬ 
rent 

Starting current:^ normally about 1.5 times full load 
Starting torque: normally about 1.5 t’mes full-load torque. 
Maximum torque: twice full-load torcpie. Speed regula¬ 
tion: about 10 p(r cent variation between no load and hdl 
load. Speed control: adjustable by means of rheostat, 
varies not more than about 10 per cent for any adjustment. 
Sizes available: \xp to 200 hp. Suitable for frequent start¬ 
ing and stopping with light or medium starting loads, 
shop machinery, conveyors, fans, centrifugal pumps. 

Scries wound, direct cur¬ 
rent 

Starting current: same as for shunt-wound motor. Starting 
torque: 4.5 times full load but normally 2.25 to 3.0 times 
full load torque. Maximum torque: four tim(*s fidl-load 
torque. Speed regulation: poor, increases dangerously 
with decrease of load, may "run away.” Speed control is 
same as shunt-wound motor. Sizes available from 3 to 
200 hp. Suitable for load that cannot be remov('d from 
motor such as cranes, fans, and railways, and ioi frequent 
stopping and starting. Not suitable for centrifugal 
pumps. 

Compound-wound direct 
current 

Characteristics lie betw(‘en shunt wound iind series wound 
and depend on the character of the bindings. 

Induction alternating 
current, polyphase 
squirrel cage 

Starting current: five to ten times full-load cuirent. For 
sizes above about 5 hp. requires sp(‘cial starting devices. 
Where frequent starting is necessary, sizes b<‘low 6 hp. 
may require spt'cial starting windings, condensers, or 
other starting aids. Starting torque: low in terms of full 
load Maximum torque: 2 to 2.5 times running torqu(‘. 
Speed regulation: good, may diminish 5 per camt between 
start and full load. Speed control: none, runs only at 
d(‘signed speed. Sizes available 0.1 to 400 hp. Suitable 
for constant load and continuous operation, e\c(‘llent for 
fans and centrifugal pumps. 

Hepulsion-induetion, 
single phase, alternat¬ 
ing current 

Starting current: 1.75 to 2,5 times full load. Starting 
torque: three to five times full load. Speed regulation and 
control at no load is above synchronism; at full load it is 
similar to that of an induction motor. Sizes available: 

to 15 hp. Suitable for h(*avy starting loads or frequent 
starting and .stopping. 

Synchronous, alternating 
current 

Starting current: four to eight times full load. Hard to 
start. Field must be excited with direct current. Start¬ 
ing torque: very low. Maximum torque: 1.5 to 1.75 run¬ 
ning torque. Speed regulation: j)erfect, no variation in 
speed under varying load. Speed control: none. Sizes 
available: 20 to 5,000 hp. Suitable for steady load and 
constant operation. Excellent for pumps. Improves 
power factor. 


* Starting currentH in this list are stated as 75 to 100 per rent of the hloeked lotor values. The free 
loloi \alue mav he taken as 75 per cent of the blocked rotor value. 
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239. Induction Motors. An induction motor is an a-c motor in which 
the armature current is introduced into the armature windings by 
electromagnetic induction instead of by brushes. Induction motors 
consist of two concentric masses of laminated iron in the form of short 
hollow cylinders, of which the outer, called the stator,is fixed, and the 
inner, called the ‘‘rotor,” revolves. The outer surface of the rotor and 
the inner surface of the stator are slotted or perforated to receive the 
primary or secondary windings. 

There are two typos of induction motors: the wound rotor and the 
squirrel cage. P]ach receives its name from the construction of the rotor 
and the stator. Single-phase and polyphase motors resemble each other 
structurally, but the single-phase is heavier, more costly, less efficient, 
and more difficult to start and has a lower power factor. A slip-ring 
wound-rotor motor is an induction motor with the rotor winding brought 
out to slip rings so that resistance can be introduced into the rotor circuit. 
The wound-rotor motor is sometimes known as the phase-wound or slip¬ 
ring motor. 

240. Squirrel-cage Motors. The characteristics shown in Table 49 
for the squirrel-cage induction motor make it the most suitable and the 
most widely used type of motor for driving waterworks pumps. Its low 
starting torque and high starting current do not prevent its use for centrif¬ 
ugal pumps because the pump may be started wuth the discharge valve 
closed to minimize the starting load. Special forms of windings may be 
used to improve the starting conditions and provide motors suitable for 
any pumping load. 

Ruggedness of construction, simplicity of design, low first cost, low 
maintenance cost, and other desirable ‘features combine to make the 
squirrel-cage motor suitable for a wide variety of applications. These 
motors can be modified to provide high starting torejue and rapid accel¬ 
eration, which makes them available for frequent starting and stopping. 
The first cost may be increased, however, the efficiency lowwed, and speed 
variation during operation increased by such modification. The provi¬ 
sion of a flywheel to ecpiahze momentary fluctuations of load may make 
possible the use of squirrel-cage motors under conditions not otherwise 
suitable. Another method of increasing the starting torque is to provide 
a double squirrel-cage winding. This will give a starting torque 2 to 2.5 
times full-load torque with a slip of less than 5 per cent. 

The efficiency of induction motors at full load ranges from about 85 
per cent for small motors to 92 per cent for large machines. The power 
factor is relatively low, particularly when starting, and is always lagging. 

241. Phase-wound, or Slip-ring, Motors. This type of motor is 
especially adapted for large starting torque and hand control of speed. 
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The speed is controlled through a rheostat which introduces resistance 
into the secondary windings in much the same manner as the starting 
rheostat. These motors are used in sizes above 50 hp. where a high 
starting torque is required. Wound-rotor motors using starting resist¬ 
ance have a power factor at start of 0.60 to 0.65. 

242. Synchronous Motors. A synchronous motor is an a-c generator 
running as a motor with its armature supplied with alternating current, 
and its field excited with direct current. These motors require frequent 
attention and must be carefully selected and operated to assure adequate 
starting, pull-in torque, and efficient operating conditions. Direct 
current must be available for starting, unless specially wound for alternat¬ 
ing current. They have satisfactory operating characteristics for 
continuous operation under steady load, particularly in large installations. 
Their outstanding advantage is their improvement of the power factor 
which can be brought to unity on any line by adjusting the synchronous 
motor to lag or lead the necessary amount. 

The cost of a synchronous motor, its d-c exciter, and its control may 
be expected to be greater than the cost of a squirrel-cage motor cf equal 
power; but where operating conditions are suitable, the higher efficiency, 
the leading power factor, and the more attractive rates lor power some¬ 
times offered by power companies make the installation of a sync.hronous 
motor desirable. 

243. Starting Alternating-current Motors. It is desirable, but not 
always possible, to start a motor under full line current in order to avoid 
the need for special starting equipment or motor winding. It is usually 
safe to start induction motors of less than 5 hp. by connecting the full line 
operating voltage to the motor. Although the momentary c.urrent may 
be large, the motor qui(;kly accelerates, if not too heavily loaded, thus 
reducing the current passing through the windings before heating occurs. 
Reduced voltage required in starting induction motors may be obtained 
by placing adjustable resistances in the starting circuit, thus by-passing 
the operating fuse or protecting relay. As such arrangements reejuire a 
large line current, an autotransformer, or ‘‘autostarter,arranged for 
automatic or manual starting may be used. For smaller full-voltagc- 
starting induction motors, the simple magnetic starter, with overload and 
undervoltage protection, operated by a push button, is widely used. 

Wound-rotor motors are protected in starting by inserting resistance 
into the rotor winding. A thermal relay, or fuse, and a line switch 
protect the stator current, the starting circuit being protected with fuses 
permitting a current of 50 per cent of full-load current. As the motor 
gains speed the starting resistance is reduced and finally cut out. 

The starting characteristics of synchronous motors are varied to suit 
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the load, but under any conditions the starting of a synchronous motor is 
difficult. For this reason frequent starts and stops are undesirable. 
Such motors are usually made self-starting by providing the rotor with an 
induction winding which permits the starting of the motor as an induction 
motor with the starting torque adapted to the load. Under such condi¬ 
tions, however, the motor draws a heavier starting current than an 
induction motor of the same rating, so that the application of other 
expedients may be necessary to get the motor started. 

The line current reciuired to start a centrifugal pump connected to an 
electric motor can hi) minimized by starting with the pump discharge 
valve closed. Under such conditions the torque at full speed will be 
about two-thirds of that under full load when the valve has been 
opened. 

Starting switches and push-button relays may be assembled on a 
switchboard or placed separately near the motor. Under the latter 
arrangement the starting switch and fuses should be enclosed in a metal 
box, the equipment l)eing called a safety switch. 

244. Motor Speeds. High-speed motors cost less than slow-speed 
machines because more power is delivered per unit weight of ma(;hine. 
The limit of speed is fixed by the strength and durability of the parts and 
by the i)ossil)ility of applying the speed to the load. Blow-speed motors 
are used for machines that/ revolve slowly and that cannot be connected 
through belts or reduction gears. Most motors operate with the highest 
efficiency at their rated speed. This is not true of series-wound motors, 
which operate ecpially wdl at almost any speed. Only a limited number 
of speeds is available in standard induction motors. On 60-cycle current 
synchronous speeds available are 1,800 and 1,200 r.p.m. 

246. Variable Speeds. Where an electric motor is used to drive a 
centrifugal pump, some method of varying the speed of the pump is 
desirable, for economical operation, unless the load on the pump is 
constant,. Other applications of electric motors may require speed 
control, llus may be obtained through varying the speed of the motor, 
or through mechanical devices in the motor or between the motor and the 
pump. 

246. Speed Control. Speed control for d-c motors is usually secured 
by the use of a rheostat connected in either the field or the armature cir¬ 
cuit, or one in each circuit. Multiple-voltage speed control is usually 
secured through the use of two voltages on a three-wire system, thus 
making possible a slow speed that bears the same relation to the high 
speed as the lower voltage bears to the higher voltage on the three-wire 
circuit. Intermediate speeds are secured through the use of field or 
armature rheostats. 
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In general, the ordinary squirrel-cage induction motor is not suitable 
for close speed control giving uniform gradations of speed between limits. 
Where a few definite speeds will be satisfactory a so-called multispeed 
motor,running at two, three, or four different speeds, may he used. 

Wound-rotor motors should be used where close speed control is 
desired on polyphase alternating current. The speed of these motors can 
be controlled by placing variable resistance in the rotor circuit. Diffi¬ 
culties with speed control of wound-rotor motors are low efficiencies and 
relatively poor speed regulation which affects the speed with change in 
load. 

Polyphase induction motors of the commutator brush-shifting type 
permit uniform gradation of speed from 40 per cent above to (>() per cent 
below synchronous speed. The polyphase induction motor, with (*om- 
mutator and brushes, will give any speed from 0 to 50 per cent above 
synchronous without the introduction of resistance losses. 

A gear motor is any typ(» of electric motor which has built irOo it a 
speed-reduction gear that will give various shaft speeds, (k'ar motors 
are built to give speeds from 2 to 1,550 r.p.m. 

In general, the highest efficiency of an a-c motor is obtained whcm the 
speed is nearest synchronism, /.c., with the least slip. 

247. Speed-reducing Devices. Since the spe(‘d of most eh^etric 
motors is too high for direct connection to centrifugal pumps, some form 
of speed-reduction device, other than variable-speed motors, may be 
used. Among these devices may be included (1) gear trains, (2) belts 
and pulleys, (3) hydraulic couplings, and (1) mechanical couplings. 

248. Special-duty Motors. There arc many diffei ent types of mot ors, 
each of w'hich is adapted to some special duty or operating conditions. 
Among those suitable for special conditions in wat(‘rworks may be 
included (1) dripproof, (2) splashproof, (3) w^aterproof, (4) submersible, 
(5) gear, and (6) brake. A dripproof motor is encased so that drops of 
water falling on the motor at an angle less than 15 deg. from the vertical 
cannot enter the motor directly or by running along a horizontal or 
inclined surface. Similarly, a splashproof motor is safe against w^ater 
approaching it at an angle less than 100 deg. from the vertical. A water¬ 
proof motor is enclosed so that a stream of w^ater from a hose, 1 in. or 
larger in diameter under a head of 35 ft. and from a distance of 10 ft., can 
be played on the motor without leakage except possibly along the shaft, 
with provision for preventing this water from entering the oil reservoir 
and for automatically draining the motor. Waterworks pumping 
stations offer many conditions where such motors are needed. 

Since the enclosing of a motor limits its ventilation and cooling, open 
motors should be used w^here possible, as their ratings are higher and their 
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costs comparatively lower. For similar reasons motors should be 
installed in cool well-ventilated surroundings. 

Submersible motors can be operated when submerged in water. 
Their use is infrequent. Gear motors, as mentioned on page 221, are 
variable-speed machines. Brake motors have a brake built into them 
which brings the motor, or motor and load, rapidly to a stop when the 
current is cut off. 

249. Rating of Electrical Equipment. Electrical equipment, par¬ 
ticularly motors, are rated in accordance with the power delivered with a 
limiting temperature rise under standardized time and conditions. The 
permissible temperature rise is in the neighborhood of 40 to 50°C., 
dependent on the construction of the motor or equipment. Since time is 
required to raise the temperature, it is possible for electrical equipment, 
particularly motors, to carry an appreciable overload for a short period of 
tim(i, the gn^atest hazard under such conditions being sparking, or internal 
short-cir(;uiting. Standard ratings for electrical equipment have been 
adopted and published by the American Institute of Electrical Engineers. 
These standards enter into detail concerning the requisite performance of 
electrical e(iuipment and should be consulted by an engineer responsible 
for the selection of electrical equipment. 

Where motors are to be operated in ambient temperatures above 
4()°C\ the construction of the motor, particularly its internal insulation, 
must be adapted to the higher temperatures, or the load on the motor 
must be reduced below the standard rating. 

260. Operating Hazards for Polyphase Induction Motors. Hazards 
to which polyphase induction motors are subjected in operation may be 
classified as those due to (1) variations in characteristics of electric power 
delivered to the motor, (2) improper operation, and (3) improper 
care. 

The current delivered to the motor may vary in phase, in frequency, 
and in voltage. If one or more phases arc interrupted while the motor is 
idle, the motor will not start; but if it has been running at the time of the 
interruption or if it is started by the application of outside power, as by 
pulling on the belt, the motor will run at normal speed as a single-phase 
motor and Avill deliver about (>() per cent of normal-load torque, with a 
pull-out torque about two-thirds to one-half normal. The effect of 
operating a polyphase motor under full load and single-phase conditions 
will be to overload the motor and to lead to its probable destruction. 
The interruption of one or more phases of an a-c circuit is not unusual 
and must be guarded against in motor operation. 

Voltage affects the torque of an induction motor. Both the starting 
and operating torque vary closely as the square of the voltage. Hence a 
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drop in voltage may cause a motor to refuse to start, or to pull-out if in 
operation. A motor thus stopped with current in its windings is open to 
destruction. 

If a motor is operated above normal voltage, the core losses are 
increased approximately as the square of the voltage and the copper 
losses are decreased. An excessive increase in voltage endangers the 
insulation of the windings as a result of the rise in temperature of the core. 
The slip of induction motors varies approximately inversely as the 
voltage. 

The speed and torque of induction motors vary approximately as the 
frequency of the current. At normal operating load and with increased 
frequency the core losses are increased, the result being increased heating 
despite the lower speed. Since the horsepower required by a centrifugal 
pump varies as the cube of the speed, a decrease in frecpiency might 
quickly result in overloading the motor. 

In general, induction motors Avill not be seriously affected by varia¬ 
tions of 10 per cent, more or less, in either voltage or frecpiency. Inter¬ 
ruption of phase is, however, a serious hazard. The sudden iiiteriuption 
of power will have no serious effect on an induction motor unless it is 
connected to a reversible load, such as a centrifugal pump. Under such 
circumstances both the motor and the pump must be prote(;ted against 
reversal. This may be accomplished by the installation of check valves 
on the pump discharge line or other devices mentioned on page 213. 
Unless a motor is equipped for automatic self-starting under load, 
it must be protected against the resumption of power in the (went of its 
interruption. 

261. Protection of Motors and Operators, h^lectric motors should be 
protected against the hazards of over- and undervolt.ag(», ovvr- and under¬ 
load, reverse current, reverse power, reverse phas(», lightning, and other 
current surges. Protection against hazards are provided mainly by 
devices that break or ground the ekrtric circuit when danger threatens. 

Fuses, depending on the melting of a strip of metal (*arrying the 
current, are used to protect motors against overload. 'Jliey are limited 
in capacity to 600 amp. Timc^-lag fuses are desigru^d particularly for the 
protection of small motors. They are used to permit the momentary 
surge of current up to 500 per cent of rating, in starting the motor, but to 
interrupt the circuit if the temperature of the motor rises excessively. 
The thermal cutout is designed and functions similarly to a plug fuse and 
is used to protect small motors against overloads. They protect the 
motor against overload, whereas the time-lag fuse protects the motor 
against too high a temperature from any cause. Fuses and thermal 
cutouts do not protect against lightning or surges of current. 
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Circuit breakers, actuated either thermally or magnetically, are 
available to interrupt currents from 15 amp. up, under all conditions of 
service and, if required, to close the circuit automatically when the 
current has returned to normal. Circuit breakers, actuated by magnetic 
devices or relays, are available for protection against all the hazards 
listed for motors, except to arrest lightning. 

The lightning arrester is a device placed on an electric circuit to 
ground excess voltage in the circuit and to restore the circuit on the 
return to normal voltage limits. Since the energy grounded through a 
lightning arrester may be high, the arrester should be placed in a non- 
hazardous location away from other equipment or combustible materials, 
or out of doors. 

Motor frames may become charged by leakage of current due to 
breakdown of insulation, by stray currents, or induced current, all of 
which endanger tlu* motor and the operator. This hazard can be 
eliminated by grounding all motor frames and carefully inspecting and 
maintaining this ground. Probably the most satisfactory ground is a 
connection to a water-supply pipe. The practice of making such grounds 
is widespread and is generally permitted. 

262. Setting of Motors. A foundation that is larg(» enough on which 
to set the motor and is sufficiently massive to absorb vibrations of the 
motor without transmitting them to its surroundings, and will hold the 
motor in alignment under all the loads for which it is d(\signed, is recpiired 
for a motor setting. Concrete, brick, or a combination of these tw^o and, 
sometimes, wood or metal are used in satislactory foundations, but no 
definite ratio of motor mass or speed to foundation mass can be set. 
Experience, based on a study of sie*cessful settings, must guide. Some 
typical motor foundations are illustrated in Figs. 97 and 108. Dimen¬ 
sions of motors may be approximated by a study of catalogues, or they 
may be obtained on reejuest from manufacturers. 

Th(‘ d(\signing and construction engineers are responsible for creating 
an adequate and level foundation. The s(‘tting and alignment of the 
motor reejuire the attention of a specialist, particularly for most forms of 
power drives other than b(*lt or chain. 

253. Transformers. It may be necessary to provide space for 
transformers in an electrically equipped pumping station, usually to step 
down the voltage from that carried on the transmission lines to the 
voltage to be used by the equipment in the pumping station. Because of 
the hazards of fire and high-voltage currents, transformers should be 
placed in a fireproof room or in a location protected from traffic in the 
pumping station. Rules for the safe installation of transformers are 
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included in the National Electric C'ode.* Weights and dimensions of 
transformers for various purposes are listed in handbooks and in manu¬ 
facturers’ catalogues. 

254. Relays and Circtut Breakers. Relays may be used for a 
multitude of services, but in an electrically equipped pumping station 
their principal use is to actuate circuit breakers in the protection of 



l<io 108.—Inieiior of Towson automatic pumping station, Baltimore, Md. Showing 
mot or-driven centrifugal pumps, meters, and other appurtenant es (f’onr/esy of (ipucral 
Elictixc Comimny ) 

(‘(lilipinoiit and to start and stop motors, pumps, and o(h(‘r (‘(piipment 
Relays are avatlahle that actuate a eireuit l)reak('r under almost any 
condition such as change m voltage, phase, or cycle of cm rent; ovc'iload, 
speed, or temperature of motor; or hlling or emptying of a r(‘servoir. 
Two types frecpiently used are the instantaneous oi dashpot, and the 
induction The latter is the most commonly used. 

266. Switchboards. A switchboard is an essential part of the ecjuip- 
rnent of a pumping station or purification works using electrical erjuip- 
rnent. The eciuipment placed on the switchlioard includes starting 
devices, relays, meters, and recording and indicating devices. The 
equipment can be neatly arranged on the board with devices controlling 
separate circuits arranged on separate panels. A circuit breaker should 

'See Abboit, A L, “National fjlectrical Code Handbook,” 5th ed , p 201, 
McGraw-Hill Book Company, Inc , New York, 1940 
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be installed on the incoming line from the power plant, which will open all 
short circuits on the system. There should be smaller circuit breakers, 
with thermal-overload protection on each of the motor circuits. Knife 
switches should be used for direct current only with voltages below 250, 
and for alternating current with voltages below 500. At higher voltages 
oil or air-gap switches, controlled by push-button relays, should be used. 

Types and space requirements of switchboards are listed in handbooks 
and catalogues. Rules for their installation are to be found in the Nat¬ 
ional Electric Code.^ 

266. Installation of Electrical Equipment. Standard practice should 
be followed in the installation of electrical equipment. This constitutes 
the use of adequate-size wire, supports, protection, and equipment for the 
loads and conditions contemplated. Details of this practice have been 
codified and published in the National Electric Code for Electric Wiring 
and Apparatus. A copy should be in the hands of every designer, 
purchaser, and operator of electrical equipment. 

267. Automatic Pumping Stations. Electrical ecjuipment lends itself 
favorably to automatic operation and remote control of pumping stations, 
resulting in reliable, efficient, and economical operation.^ Automatic 
stations are those in which the equipment is started and stopped through 
relays which are controlled by reservoir levels or system pressures or by 
faults in, or failure of, station equipment or connections. Remote- 
control stations arc those in which all, or the major part, of the equipment 
in the pumping station is controlled by operators in a remote location. 
Such stations may be designed to operate for days at a time without 
attendance, reports of the conditions of station operation being tele¬ 
phoned, on demand, by robots. Automatic stations make possible the 
exercise of ingenuity in Avaterwwks design, resulting in economies of 
construction and of operation. 

* Ihtd , p. 32. 

* (Vnariis, 8 A , Modern Methods of ControlliiiK Electrically Operated Pump- 
iiif^ Stations,” Jour. A.W.W.A.j May, 1936, p 583. 
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258. Description. A centrifugal pump is a device that raises a liciuid 
i>y centrifugal force created by a wheel, called an impeller, revolving in a 
tight casing. In operation the liquid enters the pump at the center of tlie 
impeller, called the ^^eye.’^ It enters m a direction normal to the plane in 
which the impeller revolves and is thro\\n to the periphery by the cen¬ 
trifugal force resulting from the revolution of the impeller. The fluid 


Discharge 


So chon 



Discharge 



Fig 109—(^cntrifuia:al pump lou. 110. Volute pump 
with turbine diffuser vanes 


passes through the channel between the rim of the impeller and the 
(*asing and issues at the discharge under pressure Sections through two 
types of centrifugal pumps are shown in Figs. 109 and 110. 

269. Status and Performance. In waterworks practice centrifugal 
pumps are used almost exclusively in all but the largest pumping stations, 
in a few of which triple-expansion reciprocating pumping engines are to 
be found. Centrifugal pumps are available commercially for almost any 
capacity that might normally be required, and for lifts up to 700 ft. in one 
stage. ^ There is no theoretical limit to the number of stages that can be 
placed in series to increase the lift. Customary maximum lilts, per 
stage, are nearer 250 ft., however. Efficiencies up to 93 per cent have 
been attained by large pumps,^ but, in general, the efficiencies of small 

^See also Burgess, John, ‘^Centrifugal Pump Performance,’^ Jour, A.W.W.A.j 
May, 1941, p 837. 

* Ibidy and R W. Angus, “Centrifugal Pump Development in 25 Years,” Eng. 
and Contract Record, March, 1945, p. 72. 
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pumps are lower. Speeds of 900, 1,200, 1,800 r.p.m., and even higher, 
are used for waterworks pumps. Small pumps are now being manu¬ 
factured with speeds up to G,000 r.p.m. ^ 

Advantages of the centrifugal pump, particularly when compared 
with other types of pumps, include (1) relatively small space for any 
given capacity; (2) rotary rather than reciprocating motion; (3) adapta¬ 
bility to high-speed driving mechanisms, such as electric motors, steam 
turbines, and gas engines; (4) low first cost; (5) simple mechanism; (6) 
simple operation and repair; and (7) safety against damage from high 
pressure because of limited maximum pressure that can be developed. 
The pump is Ihus safe against damage if the discharge valve is suddenly 
closed, although in a few low-lift pumps with special characteristics the 
motor might be overloaded under these conditions. Disadvantages 
include the following: (1) Kate of flow cannot be efficiently regulated for 
wide ranges of performance. (2) Speed cannot always be adjusted to the 
prime mover without the use of speed-reducing or speed-increasing gear. 
(3) Pumps are not self-priming without additional mechanism. (4) 
Suction lift may be restricted. (5) Air leaks on the suction side easily 
affect pump performance. (O) If stopped with the discharge valve open, 
the pump may run backward. (7) In general, high efficiency is main¬ 
tained over only a narrow range of head and discharge. 

260. Cost. The first cost of a centrifugal pump is, ordinarily, less 
than the first cost of other types of pumps of the same capacity and lift. 
Among the factors affecting first cost are included the discharge pressure, 
speed, number of impellers in series, quality of material and construction, 
mark(*t conditions, and capacity. In general, it may be said that first 
cost varies with capacity, other factors being equal. 

The relative economy of centrifugal pumps should be compared with 
that of other pumps on a capitalized cost basis, including first cost, 
installation, space requirements, mechanical efficiency, lubrication, and 
other maintenance costs, and durability or life. Piach of these items, 
(^xcept possibly that of mechanical efficiency, wull usually be found 
favorable to the centrifugal pump. Since the efficiency of the pump may 
greatly affect its economy, careful attention should be paid to this factor 
in the selection of a pump. 

261. Theory. The general physical laws applicalfle to a centrifugal 
pump can be expressed as 



]|^2 

gr 


900 ^^ 


1 Burgess, loc. cit. 
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where F = centrifugal force 
a = radial acceleration 
g = acceleration due to gravity 
M = mawss of moving body 
iV = speed, r.p.m. 
r == radius of path 
ir = weight of moving body 

The theoretical height to which a column of water will rise und(T the 
effect of centrifugal force produced by a revolving impeller is 

Z' 

2r7 

where V is the linear velocity of the tip of the impeller. T"- is ecpuil to 
in which r is the radius of the impeller and w is its angular velocity. 

The equation of the surface curve of a body of 
water made to revolve in a cylindrical vessel, as shown 
in Fig. Ill, is, therefore, 


h = 




( 1 ) 





V 



--c 

)— 
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111 A forced 
vortex. 


This is known as the equation of a forced vortex. It 
is the shape of the pressure curve of the water in the 
casing of a centrifugal pump when the discharge valve 
is closed and the impeller is revolving. It shows that the pressure 
exerted by a centrifugal pump varies as the stpiare of the speed 
of the impeller. The value y when a- is r is known as the pressure of 
imjiending delivery. In most pumps, since there is some leakage around 
the impeller blades into the casing, the pressure of impending delivery is 
seldom exactly as shown in the expression. It may be either higher or 
lowTr, depending upon the shape of the impeller blades, the rate of leak¬ 
age, and other factors. It will usually be found that the actual pressure 
of impending delivery is within 10 to 15 per cent of the value of this 
expression. 

If the impeller of a centrifugal pump is revolved while the discharge 
valve is closed and an orifice is opened at any piiint in tlie casing, w^ater 
will flow from the orifice under a head of Since the rate of dis¬ 

charge through an orifice is 

Q = kA \/2gh 


where A is the area of the orifice, and /i, the head on the orifice, is equal to 
w-a-V2fir, it follows, therefore, that 

Q = hA(ax (2) 
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Hence, the rate of flow, or the discharge from a centrifugal pump, varies 
as the speed of revolution of the impeller. 

The torque exerted by the impeller of a centrifugal pump is 

j, ^ Qwr^Vv, (3^ 

where T = torque 

Q = rate of discharge past impeller blade 
w = unit weight of water 
Tp = radius of impeller 

Vw = tangential velocity of the water at impeller tip 
The power exerted by the impeller is equal to the torque multiplied by 
the angular velocity; therefore, 

P = pQj == ^ ^ 4 ) 

' g ~ 9 ^ ^ 

in which Vt is the linear velocity of the impeller tip, and other symbols are 
as in formula (3). 

262. Relationships of Characteristics. Relationships between (;har- 
acteristics of centrifugal pumps, as developed from theoretical considera¬ 
tions, other conditions being unchanged, may be summarized as follows: 


(1) Q varies directly as the number of impellers in parallel. 

(2) II varies directly as the numlx'r of impellers in series, /.c., the number of stages. 

(3) When N varies, Q varies directly m N; N varies directly as N^; P, the power, 
varies as N^; Q varies as II^; and P varies as HYk 


These theoretical relationships do not hold exactly, because of errors 
in the hypotheses of the conditions of flow of water, but they are suffi¬ 
ciently accurate for rough approximations. It is found by test that for 
impending delivery the ratio Vtf2gh varies between 0.95 and 1.09 and 
that for rated discharge or maximum efficiency this ratio lies between 
0.10 and 0.30. If this ratio is called a and we allow ^ = Vw/\/2^j in 
which Vw is the velocity of the water relative to the impeller, then is 
approximately equal to a for rated discharge or maximum efficiency. 
The important relationship between II and Q is shown by the charac¬ 
teristic of the pump discussed in Sec. 264. 

263. Centrifugal Pump Series. Centrifugal pumps when built in 
different sizes, but of the same proportions in every respect, constitute a 
series and are said to have homologous impellers. Advantages of series 
pumps is that knowledge of the characteristics of one pump of a series can 
be used as a basis of prediction of the performance of another pump of the 
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same series. The outstanding relationships among pumps of the same 
series are that when N is constant and D is the diameter of impeller 

Q varies directly as Z)* 

H varies directly as 
P varies directly as D® 

The specific speed of a pump is the speed at which the impeller of a series 
would run when discharging 1 g.p.m. under a 1-ft. head. Since the 
specific speed of all pumps of the same series is the same, then, if the head, 
discharge, and speed of a pump are known, the head, discharge, and speed 
of any pump of the same series under different conditions can be predicted. 

Specific speed can be expressed algebraically as 

N. - (5) 

where Nj, = specific speed, r.p.m. 

r.p.m. = speed of revolution of pump 

g.p.m. = discharge from pump 
H = discharge head, ft. 

The type of an impeller is the ratio of its diameter to its width. It is 
possible to obtain the same discharge pressures from a series of impellers 
of different diameters running at different speeds, but for the same dis¬ 
charge the type (width) of the impeller would be different. In order to 
reduce skin friction, it is desirable to operate the impeller at as slow a 
peripheral velocity as possible, and impeller types should be designed to 
permit of slow peripheral speeds. 

264. Characteristic Curves. The characteristic curves or, more 
commonly, the characteristics of a centrifugal pump are the relations 
between the various conditions affecting its performance. They are 
usually expressed graphically with the rate of discharge Q as the abscissas 
and the other factors plotted, at constant speeds, as ordinates, such as the 
head ZZ, the power P, and the efficiency E. The characteristic^ at any 
particular speed, is the graph showing the relation between II and with 
values of It plotted as ordinates. Other methods of plotting charac¬ 
teristics are also used. 

Characteristics at one speed are shown in Fig. 112, and at different 
speeds in Fig. 113. 

A study of the characteristics of a centrifugal pump is necessary to 
determine the best conditions under which it should be operated. For 
example, Fig. 112 shows that, at the speed shown, the pump will dis¬ 
charge 800 g.p.m. against no other head than 120 ft. To reduce the dis- 
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charge by closing the discharge valve will increase the head, the power, 
and the efficiency. The highest efficiency will occur at a discharge rate 
of about 600 g.p.m. Figure 113 shows that where it is possible to vary 
the speed of the pump the range of N, Q, and H for highest efficiency can 



Kitf. 112. (’haractprLstif.s of a contrifuKal pump at oonstant speed. (From Eny, News- 

lUcord, Vol. 91, jk 503.) 



Fro. 113. C’harueteristics of a centrifugal pump at different speeds. (From Eng. Nrwa- 

Hccord, Vol. 91, p. 504.) 

be obtained. It shows that this pump should be operated at 1,750 r.p.m., 
with discharge of about 725 ^.p.m. at a head of 255 ft. A pump with flat 
characteristics at all speeds and a wide plateau at the highest efficiency is 
most desirable. 
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Centrifugal pumps^ should be selected on the basis of their charac- 
tenstics and operated where the efficiency curve is as flat as possible. 
Scales to which characteristics are plotted should be scrutinized, as the 
shape of the curve can be changed materially by changing the scales. 

266. Types. C^entrifugal pumps are classed as volute or turbine 
pumps. A diagram of each is shown in Figs. 109 and 110. In a volute 
pump the channel into hich the water flows on leaving the impeller has a 
volute shape of such proportions that the velocity of flow is the same at all 



Fig. 114 —Multi>.taKe centrifugal pump with horizontally ^pht casing. Note the electric- 
motor drive and flexible coupling (Courtesy of Anitncan Wdl W oiks.) 

points in the channel. A turbine pump is a centrifugal pump in which the 
channel into which the water flows on leaving the impeller has the same 
cross-sectional area throughout. The velocity of water leaving the 
impeller blades is changed in direction and velo(*ity liead is changed to 
pressure head by means of diffusion vanes. 

Volute pumps are lowTr than turbine pumps in first cost, and they are 
more suitable to the handling of licjuids containing grit and large particles 
of suspended matter. Higher efficiencies can be secured from turbine 
than from volute pumps, but their greater cost and the greater wear on 
diffusion vanes, combined with other reasons, are diminishing their use in 
waterworks practice. 

Centrifugal pumps also are classed as single stage, tw^o stage, etc., in 
accordance with the number of stages of pressure developed by the 
impellers. A multistage centrifugal pump is illustrated in Fig. 114. Tn 
the development of discharge pressure it may be inefficient to develop the 

^ See also Beckwith, H. E., ^‘Centrifugal Pumps,” WaUr Works & Sewerage^ April, 
1940, p. 30. 



234 


WATER SUPPLY ENGINEERING 


entire pressure by a single impeller, as either the diameter or the speed, 
or both, may be undesirably great. Since the discharge pressure from a 
centrifugal pump is the sura of the initial pressure at the inlet and the 
pressure energy added by the impeller, increased pressure can be secured 
by leading the discharge from one impeller into the suction of another. 
The discharge pressure is directly proportional to the number of stages, 
other things being equal. 

266. Selection of Size of Pump, Centrifugal pumps should be 
selected to operate at a constant speed under the conditions of head, 
speed, and discharge that will provide the highest efficiency and lowest 
cost of power. It will probably he more economical to provide a number 
of small pumps to operate at highest efficiency and, in addition, to provide 
a single unit that can be operated at different speeds, or to provide, in 
addition to the pump or pumps that are to run at constant speed, an 
equalizing reservoir to care for the fluctuations of demand. Another 
consideration mitigating against the use of large pumps operating at less 
than full capacity is the practice, used by some power companies, of 
basing the power-demand charge on the total capacity of the power 
units in the pumping station. 

The designation of the size of a centrifugal pump is stated by giving 
the diameter, in inches, of the discharge opening. The capacity in 
gallons per minute may be roughly determined by multii)lying the scpiare 
of the size by 25. This rule is based on the fact that the velocity of the 
water through the discharge opening is about 10 f .p.s. This velocity may 
vary between 5 and 15 f.p.s. 

267. Parts. The simplicity of a centrifugal pump is indicated by its 
parts, which are illustrated in Fig 115. Bronze or gun metal is desirable 
in i)arts in contact with water. It is especially desirable that the impeller 
be of bronze or gun metal in order to resist corrosion. The imf)eller 
should be machined and polished to reduce friction, and the sides of the 
impeller should be enclosed so as to avoid friction between the moving 
water and the pump casing. It is important that the impeller should be 
balanced both statically and when in rotation, as an unbalanced impeller 
may cause heating of the l)earings and vibration and noise or the failure of 
the pump. 

Special types of packing rings are illustrated in Fig. 116. They are 
called labyrinth packing rings and are used bet^^een the impeller and the 
casing to minimize leakage and maintain efficiency. Interior shaft 
bearings should be of hard bronze. They are placed between impellers 
and at bottoms of stuffing boxes that are designed for water lubrication 
only. Lignum-vitae bearings are to be avoided in centrifugal pumps, 
regardless of lubrication or other conditions. Exterior bearings should be 
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easily accessible. They should be designed for oil lubrication and should 
be provided with deep oil wells and ring oilers. 

The casing of all but the smallest pumps are usually split horizontally 
along the center, as shown in Fig 114, so that they may be removed to 
permit inspection and repair of the pump. 



Fig, 115.—Parts of a centrifugal pump 
1. Shell 

2 C oiiibination packing box and bearing 
3. (iland 

4 Runner or impeller 
') Shaft 

7. Bearing sleeve 

8. Cover sleeve 

M Paoking-box VioUs atnl nuK 

10 Grease (up 

11 Grease piping coupling and nipple 

12 Packing (nut illustrated) 


{Courtesy of AmumiL W dl M oi kb) 

I i Ball hearing 

II ]*uIIp\ 

1 > ( OV( T 

17 Midi gaskrt 

18 Studs and mils SInll 

10 Runnel k(\ 

20 iStudK and nuts Suetioiu 

21 Oiling ring 

22 Thrust collai 

.31 Oil co\n and werewa. 

32 ( up Hcr(l^s Cover. 



(1)-Packing nng (2)-Impeller (3)-Casing 
I Ki 110 P.ic king rings 


Thrust bearings or thrust balancing devices are used to take up the 
end thrust which occurs in even the best designed pumps To overcome 
end thrust, pumps are designed with opposed impell(‘rs, double suction; 
or two pumps with their impellers opposed may bo placed on the same 
shaft Because of inequalities in wear, workmanship, or other conditions, 
end thrust will occur and must be cared for Various types of thrust 
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bearings are in successful use, e.g.^ the piston disk, roller, and marine 
types, which are illustrated in Fig. 117. Flexible shaft couplings should 
he used if the shaft of the driving motor and of the pump are in the same 
line, as direct alignment is difficult to attain and to maintain. Where 
connected to steam turbines, reduction gearing and rigid couplings are 
usually used. Flexible couplings are of various types. One type is 
shown in Fig. 114. A rigid coupling would be formed by bolting the shaft 
flanges together. 



The use of hydraulic or fluid-filled couplings and of magnetic couplings 
between electric motors and centrifugal pumps is a comparatively recent 
practice which overcomes many of the difficulties of the older type friction 
or flexible couplings. Jn such couplings^ ther(‘ is no solid contact bet ween 
the power unit and the driven unit, power l)eing transmitted by the 
friction of a fluid, Avhich occupies an enclohi'd space connecting the ends of 
the two shafts, or by means of an induced current. 

The stuffing box shown at 2 in Fig. 115 is usually packed with metallic 
packing, hemp, or asbestos, between which is a lantern gland, in order to 
permit a small amount of leakage. A drip box is placed below this gland 
to catch the h'akage and to return it to the pump. The h^akage aids 
lubrication, and the tightening of the gland would cause binding of the 
shaft. The gland on the suction side of the juimp should be connected by 
a small pipe to the discharge chamber in order to keep a constant supply 
of w^ater for lubrication and to prevent the entrance of air to the suction 
end of the pump. 

268. Setting.^ (Vntrifugal pumps are driven by steam engines, 
steam turbines, internal-combustion engines, and electric motors. 
Steam turbines are sometimes arranged to drive an electric generator and 
a centrifugal pump through a speed-reducing gear on the same shaft. 

^Sinclair, 11. “The Transmission of Power by Fluid Couplings,” Eyigineirmg^ 
Apr. 29, 1038, p. 487. 

*See also “Standards for the Installation of (Vntrifugal Fire IVimps,” National 
Board of Fire Underwriters, September, 1944. 
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The electric motor is usually considered to be the most satisfactory 
driving mechanism. The engine or motor may be connected to the pump 
by a belt, gearing, or shafting. The simple st and most efficient arrange¬ 
ment is the use of an electric motor and a pump mounted on the same 
shaft, as illustrated in Fig. 118. If a centrifugal pump and a motor are 
to be operated on the same shaft, both the pump and the motor should be 
attached to the same rigid foundation so that the alignment of the shaft 
will remain true. Because of the difficulty of securing permanent, true 
alignment, flexible couplings are used on the shaft to allow some variation. 



I’k;. 118—rentrifugal fire pump driven bv either an eleetric motor ora Raa enRine. 

{Corn It y of FrirhrnI s ATo* < Fo) 

Whatever the method of connecting (lie motor and tlu' ])ump, it is highly 
desirable to pro\ide for variable sjK^ed of operation in onh'r to obtain the 
greatest possible efficiency. Hydraulic and inaKiudic couplinj^s are 
useful also in allowing control of the pump speed without affecting the 
motor speed. ^ 

Centrifugal pumps are not ordinarily self-priming Hence, in setting 
and in operation, care must lie taken to avoid th(‘ loss of suction and to 
permit its easy restoration. These conditions are best secured by setting 
the pump below the source of supply so that there is a positive pressure at 
all times on the siudion line. It is undesiralile to s(»t the pump with the 
casing submerged, because of the difficulties of making necessary repairs 
and adjustments. If the pump is set higher than the level of the w'^ater 
in the suction pit, a foot valve may be requin^d to permit priming of the 
pump or to prevent the pump from running backward in the event of 
shutdown with the discharge vahe open. The su(*tion pipe should he 
submerged sufficiently to prevent drawing air into it. This can be done 

^ S(*o also PuiLRsov, A, ^‘Adjusting CVntrifiigal Pump Spood C'uta Oporating 
Costs,’' ipprint from Poimr, July and Scptemlicr, 1940, with changes; and Camp, 
C W, “The Magnetic Drive,” Water iSc Sewage Works^ June, 1946, p 243. 
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by submerging it about four diameters and keeping the velocity of 
entrance low. Richardson^ has given empirical relations between the 
entrance velocity K, in feet per second into a circular bell, and the 
minimum submergence S, in feet, which can be formulated approxi¬ 
mately as — 17 aS +10 = 0. Where no strainer is used, the minimum 
distance from the face of the bell to the bottom of the reservoir should be 
D/2, where D is the diameter of the suction bell. The distance should 
be increased where a strainer is used. 

The suction line to the pump should be (1) as short and as straight as 
possible; (2) at least one size larger than the pump suction nozzle; (3) 
connected by an eccentric reducer, with its top horizontal, to avoid the 
accumulation of an air pocket; and (4) free from '‘high points'' conducive 
to the formation of air pockets. 

269. Cavitation.^ It has been found that cavitation may occur in a 
centrifugal pump as a result of too great a speed or too high a suction 
lift.* The permissible height of suction lift to avoid cavitation is related 
to the specific speed, as indicated by the data in Table 50 which have been 
computed from information by the Hydraulic Institute.* 

It is to be noted from this table that high-speed low-head pumps are 
restricted to lower suction lifts. 

Example: Find tlio limiting suction lift for a singlc-.suction pump >vith N — 2,070 
r.p.m., // = 50 ft., and Q — 2,000 g.p.m. 

Solution: Ns the specific sjxmhI 

2.070 X 44.8;^ ,,,30 

I H,o 

K, from Tabic 50 - //V«* - 

K = 50 X d,030> - = 01,000,000 

Kcading in the tabic thi.s value of K for a .single-suction pump corresponds to a suction 
lift of zero. 

If, how(‘ver, the same puinj) is reduced to half the speed, or 1,035 r.p.m., the limit¬ 
ing head can be computed as above. It will be found to be 25 ft. 

A noisy pump may indicate cavitation. The admission of a small amount 
of air into the .suction pipe may stop the noise without materially affecting 
the efficiency of the pump. 

* See UieiiARDSON, C. A., ‘‘Submergemvi* and Spacing of Suction Ihdls,” Water 
Works SvuH’rage, June, It) 11, p. 11-25. 

* See al.so Wi.slicknsit.s, (i. F., K. M. Watson, and L J. Kara.ssik, ‘‘Cavitation 
Characteristics of Centrifugal Ihiinps Described by Similarity Considerations,” 
Trans. A.S.C.E., January, 1939, p. 170. 

•‘‘See also Anocs, R. W., “Cavitation in Pumps,” Water ct* Sewage Tf^or/js, April, 
1940, p. 125. 

‘‘See also “Specific Speetl Curves,” TT^’afcr <€• Sewage IForAw, April, 1946, p. U-SO. 
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Tabus 50.— Permissible Suction Lift to Avoid Cavitation in Centrifugal 

Pumps 
(Lift in feet) 



Single-suction j 
flow. 

, mixed 

Single suction, with 
shaft through impeller 

Double-suction 

pump, 

Pormis- 

K 

- HN, 

1.33 

a : = ILW 

1 7 

K - HX, 

1.7 

siblo 
















_ 



suction 

I )ynamic 


Dynamic ^ 


1 Dynamic 


lift, ft. 

h(Mid 

,ft. 

A', 

head, ft. ! 

A, 

head, ft. 

A, 

mil- 




mil- 



mil- 













lions 

A. 

A. i 

lions 

X. 

A. 

lions 


15,000 

5,000 


3,520 

1,760 


.5,0<K) 

2,500 


25 




21.8 

70 

24 

21.8 

70 

42.5 

20 

5.7 

24.1 

2.0 

35 

112 

38 

35 

112 

08.5 

15 

7.8 

34 

2.8 

44 

151 

49 

44 

151 

89 

10 

10.1 

43 

3.0 

59 

192 

04 

5!) 

192 

no 

5 

1 12.1 

53 

4.4 

i 71 

214 

75 

' 71 

214 

135 

0 

14.4 

02 

5.2 

' 85 

283 

94 

85 

283 

170 

- 51 

lfl.6 

72 

0.0 

93 

305 

102 

93 

305 

184 

~10 

18.9 

81 

6.8 

too 

340 

110 

10(‘ 

340 

208 

-15 

20.5 

91 

7.5 

115 

370 

120 

115 

370 

225 


‘ The negative sign indicates a deidh of water in the suction pit over the top of the ]>uinp suction. 


270. Operation. In starting a centrifugal pump, knowledge of its 
characteristics may be dt^sirable to avoid overloading of the motor. In 
general, all centrifugal pumps, except a few low-heiad pumps with sfiecial 
characteristics at low or no discharge, are best started with the diseliarge 
valve closed. Small pumps driven by stpiirrel-cage motors may be 
started on reduced voltage if torcpie is sufficient, and water hammer will 
not result from surges in the discharge pipe as full-line voltage is devel¬ 
oped on the motor. It may be possible to bring the pump slowly up to 
full load, with the discharge valve closed, by a by-pass provided to return 
the discharge from the pump to the suction pit. If the pump must be 
started with the discharge valve open, a wound rotor induction motor 
developing adefiuate torque without excessive line current may be used. 

Centrifugal pumps must have a«ubmerged suction or must b(i primed 
before starting. They can be primed by the use of some form of vacuum 
pump, such as an ejector or a wet vacuum pump. If a dry vacuum pump 
is used, a barometric siphon must be provided on its suction to prevent 
water from getting into it. The pump may be primed also by closing 
the foot valve and filling the suction pipe and the pump with water. 
The installation of a typical ‘‘self-priming'’ centrifugal pump is illustrated 
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in Fig. 119. If the pump is noisy, as though filled with gravel, cavitation 
may be occurring, as explained in Sec. 269. Where there is high suction 
lift and changes in temperature of the water, ^'flashing” may occur in the 
suction line, producing the effects of cavitation or causing loss of prime. 

Installations of centrifugal pumps involving automatic operation or 
remote control are successful.^ A typical installation, with necessary 
appurtenances, is shown in Fig. 119. Among the requirements for 



successful automatic operation are a priming device, a de\ ice to limit the 
number of false starts in tlie event priming fails, and a cutoff in the event 
the check valve closes while the j)ump is operating. 

After the pump is started, if no water is delivered the difficulty may 
be due to (1) the pump not being primed, (2) too low a speed, (3) discharge 
head or suction head being too high, (4) a plugged impeller, or (5) mechan¬ 
ical difficulties. If the discharge is less than it should be there may be, 
in addition to the aliove difficulties, air leakage into the suction side or the 
suction pipe or the foot valve may be too small. If the motor heats, the 
speed may be too high, the operating conditions may be off the highest 
efficiency, or there may be mechanic^ defects, such as the bearings being 
too tight. 

While running, the pump should be operated under conditions of 
discharge, head, and speed to give the highest efficiency unless other 
conditions of operation are more desirable than the greatest economy. 

' Soc also Hac.ntjens, W. T)., “Automatic Operation of Centrifugal Pumps,” 
JVatrr Sewage WorkSy April, 1946, p. 11-78 
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Owing to wear and other factors the pump characteristics may change 
materially so that tests of the characteristics should be made periodically. 
The performance of the pump should be controlled by changing the speed 
rather than by manipulation of the discharge valve alone. Opening of 
the valve to decrease the discharge head or closing it to decrease the rate 
of discharge may increase the load on the motor or decrease the efficiency 
of the pump and the motor. 



CHAPTER XVI 

WELL PUMPS 


271. T3rpes. Pumps for removing vater from wells may be classified 
as reciprocating, jot, revolving vertical-shaft, and air-lift. Reciprocating 
pumps may he classified as single-stroke, two-stroke, ditferential-plunger, 
and double-acting cylinder pumps. Small reciprocating pumps for 
private water supplies may be hand-driven or power-driven. Larger 



Ball Valves 

OefaTls of Pump Cylmdcrs 

Fio 120 Tvi)es of hand-operated pumps. 

reciprocating pumps and all other types of pumps for public ^vater 
supplies are power-driven. evolving vertical-shaft pumps may be 
classified as centrifugal or turbine, mixed-flo^^, angle-flow, and propeller 
or screw pumps. The centrifugal or turbine pumps dominate the field in 
deep wells, the use of reciprocating pumps being restricted to small and to 
old installations. Jet pumps are used in small and moderate-size 
capacities. Air lifts are used, under conditions in which they alone are 
most suitable, in installations of any capacity desired. 

272. Single-stroke Pumps. Tw^o hand-operated single-stroke w^ell 
pumps are illustrated in Fig. 120. The single-acting pump operates as 
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follows: When the handle is pressed down, plunger A rises, valve A 
closes, and valve B opens. Water above plunger A is discharged from the 
pump, and water is sucked into it below piston A through valve B, As 
plunger A descends, valve B closes, holding water in the pump. In the 



Fig. 121.—Deep-well reciprocating pumps. 


force pump, water is sucked upward into the pump on the downstroke of 
the handle and is discharged upward through the discharge pipe on the 
upstroke. Capacities of hand-driven pumps cannot be expected to 
exceed about 5 g.p.m, 

273. Two-stroke Pumps, A two-stroke pump is illustrated in Fig. 
121. It operates as follows: The rods C and D move in opposite direc¬ 
tions, one moving down as the other moves up. As D moves up, valve B 
is closed, and the water in chamber E is discharged through valve A, one- 
half of it being discharged from the pump. As rod C moves up, the water, 
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which has previously passed through valve A, is discharged from the 
pump, and the chamber E is refilled through valve B, 

274. Differential-plunger Pumps. A differential plunger pump is 
illustrated in Fig. 121. It operates as follows: As piston B moves up, 
water is sucked into chamber D through valve C and water is discharged 
from chamber E through the discharge pipe. The volume of water 
discharged is equal to the difference of the displacement of the piston B 
and of the differential plunger. On the downstroke, valve C closes and 
the water in chamber D passes through valve B into chamber E. Water 
is discharged through the discharge pipe, the volume of water discharged 
being equal to the displacement of the descending differential plunger. 

The size of the piston and of the plunger can be proportioned to give 
equal volumes of discharge, or equal work, on the upstroke and on the 
downstroke. 

276. Double-acting Cylinder Pumps. A section through a double¬ 
acting cylinder pump is shown in Fig. 121. A and C represent fixed 
partitions across the working barrel. F and // are check valves in these 
partitions. B is a moving partition or piston attached to the pump rod 
I). E and G are check valves over the channels through the pump rod. 
()n the downstroke F and II are closed; E and G are open. Water is being 
drawn into the pump through J and is being discharged through E, On 
the upstroke E and G are closed; F and H are open. Water is being 
drawn into the pump through II and is being discharged at F, A dis¬ 
advantage of the double-a(;ting pump is e\ident when long rods are used. 
The thrust of the downstroke tends to bend the rods out of alignment and 
hence reejuires the use of guides. 

276. Power Heads for Reciprocating Pumps. In reciprocating 
deep-well pumps the pump, or water, valves are in the well and the power 
head is at the ground surface^, connected to the valves by long slender 
rods that rise and fall in the well. Two types of power heads are shown 
in Fig. 122. The motion of the water valve actuated by tiie power head 
shown in Fig. 1 22A is known as harmonic motion. The velocities and the 
time of upward motion have the same magnitude and variations as those 
during the downstroke. The cam shown in Fig. \22B makes the upward 
motion slower. The upward motion therefore lasts longer than the 
downward; when it is used to drive a two-stroke pump, one valve is 
always rising. This action reduces the magnitude of velocity changes in 
water passing through the well. The result is greater efficiency, smooth¬ 
ness of action, and longer life to the pump. 

277. Jet Pumps. A jet pump is illustrated in Fig. 123. It consists 
of a centrifugal pump and motor at the ground surface and a jet down in 
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the well below the water level. The centrifugal pump has two discharge 
pipes. One discharge pipe leads water downward to the jet through 
which it is discharged at a high velocity which serves to lift water into 
the suction of the centrifugal pump. Jet pumps are available in capac¬ 
ities from 70 g.p.m. at 30-ft. lift to about 20 g.p.m. at 150-ft. lift. They 



1 IG 122—Docp-well pumps (A) two-stioke pump, (B) Pomona deep-well pump. {Cour¬ 
tesy of American Wdl Works ) 


are widely used in low-capacity installations, but they are too small for 
general use in public water supplies. 

278. Revolving Vertical-shaft Pumps. There are four types of 
revolving vertical-shaft pumps illustrated in Fig. 124. A two-stage 
turbine pump is shown in greater detail in Fig. 125, and a more complete 
installation is shown in Fig. 126. This type of pump is used almost 
exclusively in waterworks practice. Six-inch wells are about the smallest 
in which such pumps can be used. They are available in all sizes above 
about 53^-in. impellers up to pumps with capacities above 1,000 g.p.m. 
Almost any reasonable head, or lift, required can be obtained by increas- 
















WELL PUMPS 


247 


ing the number of stages.' Efficiencies up to 90 per cent, and better, are 
reported, but only 75 to 80 per cent, or lower, should be anticipated in 
capacities less than about 200 g.p.m. 

Thrust bearings at the bottom of the shaft carry the full weight of 
pump parts, shaft, and the unbalanced weight of the rising water. The 



Propeller or screw pump 
Known nIso as 
axial flow pump 

Fia. 124.— Four typos of doop-woll conirifuKal pumps. 


lubrication of thrust bearings and of shaft bearings presents a difficult 
problem in the design and opt'ration of the pump. Present practice tends 
toward oil rather than water lubrication.^ To avoid the difficulties with 
the long shaft retjuired where the motor is at the top of the well and the 
pump near the bottom, a submersible unit has been used in which the 
motor is placed below the pump in the well and is connected directly to 
the centrifugal pump. The entire unit is submerged in the well, the 
suction strainer lying between the motor and the pump.® The motor, 
which is of the squirrel-cage type, operates in an enclosed housing, in a 
bath of oil, protected from the water. The economy of the unit, when 

^ Sec also Con ant, T). J., “Turbine Well Pumps—Their History and Develop¬ 
ment," Jour. A.W.W.A., October, 1932, p. 1499. 

“See also Ward, C. N., “Deep Well Pumping,” Jour. A.W.W.A.y Vol. 28, p. 361, 
1936; and “Lubrication of Water Pumping Equipment,” Public Works^ January, 
1936, p. 30. 

“Submerged Motor Used in Deep Well Pumping Unit,” Water Works Eng.^ 
Nov. 24, 1937, p. 1684. 
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compared with the more common arrangement of pump and motor, 
becomes apparent for depths of well greater than about 100 ft. 

Helical or axial-flow pumps are available in lifts up to 600 ft. with 
capacities up to 50 g.p.m. 


Dtscharge column^ 


Pump column —. 
Adapier 

Shafi enclosure ■ 

Shaft - 

Bearing 

Top pump case — 

Pressure rehef^' 
port 

Bearing .. 

Jmpet/er . 

Wear ring . 

Bearing .. 

Intermediate 
pump case • 


Suction nozite 
Bearing . 



Fig. 125.—Two-stage deep-well een- 
tnfugal pump. {From WcUir ifc Sewagi 
Works, April, 1940, p. R-HS ) 



Fig. 126. Deep-well centrifugal 
pump {Courttsy of Pcalths Pump 
Division, Food Machinery roiporaiton) 


High-lift revolving vertical-shaft pumps are suitable for pumping 
directly from the well into the distribution system or into elevated tanks 
where their economy for this service exceeds that of pumps lifting water 
into a surface reservoir from which it is pumped to the distribution 
system by another type of pump. 

279. Selection of Turbine Pumps.^ Materials of construction, 
quality of water, relation between drawdown and discharge from the well, 
specific speed, and other conditions must be considered in the selection of 

^See also Fabrin, A. O., ** Selecting Deep Well Centrifugal Pumps ,Wafer & 
Sewage Works, April, 1946, p. R-87. 
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a deep-well turbine pump. Where water is corrosive, corrosion-resistant 
materials should be selected.' For example, a corrosion-resistant 
installation would be represented by a stainless-steel shaft, bronze bowl 
or shell and impellers, stainless-steel line shaft from bowls to static water 
level, with a 5-ft. section of bronze oil tubes, with coal-tar enamel on the 
inside and on the outside of the eduction or column pipe. No installation 
can long resist erosion by sand-bearing water or by cavitation. In 


general, the higher the speed, the 
faster the corrosion. 

The pump characteristic must 
be suited to the drawdown in the 
well for the rate of discharge and 
lift desired. The characteristic 
and the drawdown may be coor¬ 
dinated by constructing produc¬ 
tivity curves and characteristic 
curves of the well and pumps 
under consideration, as illustrated 
in Fig. 127.2 The curves show 
that both pumps D and E are best 
suited to draw 700 g.p.m. from 
the well with a total lift of 145 ft. 
but that pump D is better suited 
for all conditions since it more 
nearly follows the range of most 
economical production and has a 
higher capacity under low-water 



Fuj. 127.—Typical pump charactcriHticH 
used in selection of deep-well pump. {From 
/y. J. Alexander, Jonr. A.W.W.A., October, 
1946, p. 1205.) 

conditions during the summer when 


more water is needed. 

Specific speed (A^*) is an important consideration in the selection of 
vertical rotating shaft pumps. Fabrin® has shown that where N, is less 
than about 4,100 the deep-well centrifugal pump should be used; between 
4,100 and 5,800 a mixed-flow pump, between 5,800 and 7,500 an angle- 
flow pump, and above 7,500 the propeller or screw pump should be used. 
The most favorable designs will be found at a specific speed of 2,500, with 
a favorable range between 1,500 and 4,100. Specific speed is related to 
the ratio of wheel diameter D and to inlet diameter B. This relationship 
has been formulated empirically as 


= 10,000 

E 


( 1 ) 


^ See also Alexander, L. J., “Purchase and Maintenance of Deep Well Pumps,'' 
Jour. A.W.W.A., October, 1946, p. 1197. 

2 Ibid. 

* Fabrin, a. O., loc. cit. 
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when N, is Jess tlian 4,100 and D/B is more tlian 130 

5 = 530,000 

Jd 


( 2 ) 


when is more than 4,100 and D/B is less than 130 


It is to be noted that when AT* is high, D/B is low and the condition is 
unfavorable to high suction lift. 

An empirical formula, based on the recommendations of Fabrin, 
showing the relation between some controlling conditions in pump selec¬ 
tion can be expressed as 


236Q» 

678 


(3) 


where D = outside diameter of pump casing, in. 

H = total head, in feet of water, for one stage or wheel 
N = speed of the wheel, r.p.m. 

nV'Q 


N, = specific speed = 




Q = rate of discharge, g.p.m. 

The formula is limited to pumps of the highest efficiency, with specific 
speeds between 4,100 and 1,500. 

If, in the selection of pump diameter, the computations show a diam¬ 
eter approximately midway between two available sizes, the larger size 
will probably give better life and efficiency than the smaller size. The 
following is an example of the computations required in the selection of 
pump size, speed, and stages. 


Example: Let it be desired to select a turbine deep-well pump; when the well is to 
be constructed to fit the pump, the rate of discharge is to be 750 g.p.m. and the total 
lift is to be 200 ft. 

Solution: Assuming a convenient specific speed of 2,500, determine the speed of the 
pump. 


^ _ 2,500 X 51.6 

VQ 27.4 


4,710 r.p.m. 


This speed is too fast, 
per stage. Then 


To reduce it, assume four stag(\s, reducing the head to 50 ft. 


,,, _ 2,500 X 18.8 
27.4 


1,715 r.p.m. 


The speed is satisfactory. 

From formula (3) 

^ _ 236 X 7500 X 500 256 
1,715® 


11 in. 


Hence, a four-stage, 11 ^-in. casing turbine pump is probably the best for the con¬ 
ditions, provided its characteristics fit the drawdown in the well. 
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If a lO^^-in. casing is the nearest size available, or the diameter of the well 
restricts the pump to this size, then the problem will be to determine the speed at 
which the pump must run and its specific speed, to meet the conditions for a turbine 
pump. 

To determine the new speed, transposing formula (3) 


N • 




10.5 


2,000 


and 


iV.,2,gOO>< 7 5p"». 

go?, 


Since the speed of 2,000 r.p.m. is somewhat high, it must be reduced. This can be 
done by increasing the number of stages. At six stages the speed becomes 1,660 r.p.m. 
and the specific speed becomes 3,260. Both 
of these are within the desirable range for 
a turbine pump. Again, the characteristic 
of the pump selected must be coordinated 
with drawdown conditions in the well. 


^'Airptpe 




Ground wtpfer hi ok 


280. Air-lift Pumps. An arrange¬ 
ment of an air-lift pump is shown in 
Fig. 128. It operates as follows: 

Compressed air is released through a 
‘^foot piece,or air diffuser, at the 
bottom of the eductor pipe and, rising 
in small bubbles, a mixture of air and 
water is created that has a lower 
specific gravity than that of water 
alone. The weight of the column of 
air and water from A to in the figure 
equals the weight of the column of 
water from A to C. The rising air 
bubbles, if sufficiently small, exert no 
appreciable lifting force on the water. 

If the air bubbles are large enough 
to move upward more rapidly than 
the rising water, efficiency is lost. 

Unfortunately there is a tendency for 
small air bubbles to coalesce and form 
larger bubbles that rise more rapidly 
than the water and result in intermit¬ 
tent gushing discharge. It is to be emphasized that water is not pushed 
from the well by rising pistons of air. 

Air lifts have many unique features not possessed by other types of 
well pumps. They are the most simple and foolproof type of pump and, 



Air di fuse r 
or foot piece 


Fig. 128.—Air-lift pump. 



252 


WATER SUPPLY ENGINEERING 


in operation, give the least trouble because there are no remote or sub¬ 
merged moving parts. Air lifts can be operated successfully in holes of 
any practicable size, and they can be used in crooked holes not suited to 
any other type of pump. If it were not for the air lift, crooked holes 
would be valueless. An air-lift pump can draw more water from a well, 
with sufficient capacity to deliver it, than any other type of pump that 
can be installed in the well. A number of wells in a group can be operated 
from a central control station where the air compressor is located. 

The principal disadvantages to the universal adoption of air lifts as 
deep-well pumps are the necessity for making the well deeper than is 
required for other types of well pumps in order to secure adequate sub¬ 
mergence of the air outlet; the intermittent nature of the flow from the 
well; and the relatively low efficiencies developed. As the efficiency is 
greatly affected by both the lift and the submergence, the dropping of the 
water level in the well without corresponding changes in the well equip¬ 
ment and construction is a (‘ommon cause of gross inefficiency in the 
operation of air-lift pumps. Little is usually known of the efficiency of 
the average air-lift installation in small waterworks, but tests have 
revealed efficiencies in the neighborhood of 45 per cent for depths of 50 
ft., down to 20 per cent for depths of 000 ft. The changes in the efficien¬ 
cies of an air lift resulting from the use of different submergence ratios are 
shown in Table 51. 


Table 51.— IOffect of Submergence on Efficiencies of Air Lift at ITattiesburg, 

Miss. 


Ratio D/h . 

8.70 

5.46 

3.86 

i 

2.91 

2.25 

Submergence ratio = -j- h)... 

0 .8!)6 

0.845 

0.7!»5 

0.7(5 

0.693 

Percentage (»fficiencv. 

1 

2(5.5 

31.0 

35,0 

30.6 

37.7 


Ratio of D/h .i 

1.86 1 

1.45 

1.19 

0.96 

Submergence ratio = D/{D h) - 

0.650 

0.592 

0.544 

0.490 

Percentage efficiency. 1 

36.8 

34.5 

31.0 

26.5 


281. Design of an Air Lift.' The factors entering into the design of 
an air lift include (1) the rate at which water is to be raised in cubic 
feet per second; (2) /i, the effective lift from the ‘^free^^ surface of water 
outside the well casing in feet when pumping (see Fig. 128); (3) Z), the 
depth of submergence in feet. This is the depth at which air is liberated 

^ Ward and Kessler, “Experimental Study of Air Lift Pumps and Application 
of Results to Design,” Vniv. Wis. Bull., 1924. Ivens, E. M., “Pumping by Com¬ 
pressed Air,” 2d ed., John Wiley & Sons, Inc., New York, 1920. Pickert, F., “The 
Theory of the Air Lift,” Engmeeringj July 1, 1932, p. 19. 
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in the well below the ^^free’’ surface of water outside the eductor pipe. 
{A) I - D + h, expressed in feet, represents the effective length of the 
eductor pipe; (5) Qa, the rate at which free air is forced into the well, 
expressed in cubic feet per second; (6) //, the total head pumped against. 
This is equal to the velocity head, plus static lift, plus all friction losses 
expressed in feet. (7) r, the ratio of compression, which equals (D + 34)/ 
34. The design of an air lift usually requires the determination of 

1 . The depth of the well. 

2. The capacity of the air compressor. 

3. The size of the air pipe. 

4. The starting and operating pressures. 

5. The size of the eductor pipe. 

These are all based upon the rate at which water is to be pumped and the 
height to which it is to be lifted. 

1. The Depth of the Well. In order that water may be lifted from a 
well, it is necessary that air be released at some depth below the surface of 
the water. It is evident in Fig. 128 that the weight of the column of 
mixed air and water within the eductor pipe must equal the weight of the 
column of water, of the same cross-sectional area, outside the eductor 
pipe. It is evident, therefore, that as h is increased D must be increased 
and that there is some relation between them for impending delivery. 
The magnitude of D can be greater than is necessary to cause delivery, 
but the efficiency of the pump will be affected because of the increased 
friction in the longer eductor pipe. Because of the velocity imparted to 
the water by the rising bubbles, D may be slightly less than the amount 
necessary to cause perfect balance in order to lift water. The value of 
D is known as the submergence, and the expression D/{D + h) is the 
submergence ratio, or the percentage submergence, when multiplied by 
100 . 

2. The volume of free air required can be expressed, approximately, as 


{) _ + ^i) 

- 75E log r 


(4) 


where hi = velocity head at discharge, usually taken as 6 ft. for deep 
wells, down to 1 ft. for shallow wells. 

E = efficiency, usually about 45 to 50 per cent with submergence 
ratio of 50 to 65 per cent and submergence between 350 and 
500 ft 

In any case some excess air capacity should be provided, because if 
the free water surface in the well should fall more than anticipated after 
prolonged pumping, more air will be required to maintain the discharge. 
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3. The Size of the Air Pipe, The size of the air pipe depends on the 
rate at which air is to be transmitted and the velocity of flow permitted in 
the pipe. No acceptable* formula for the economical velocity of flow in 
an air pipe is available. The velocity assumed is usually between 1,000 
and 2,000 f.p.m. The size of the air pipe can be computed from the 
expression d = 13.6(gi V)^ and the loss of pressure computed from 

the following formula:^ 


Pi* - Pj2 = 2:0006^ 

where P\ = absolute initial pressure, p.s.i. 

Pi = absolute terminal pressure, p.s.i. 

qi = volume of air in cubic feet per minute passing through pipe 
Qa = free-air equivalent in cubic feet per minute of volume passing 
through pipe 
I == length of pipe, ft. 
d — diameter of pipe, in. 

V = velocity of flow, f.p.m. 

If the size of the pipe and the loss of head are reasonable, no furthur com¬ 
putations are necessary. If not, the size of the pipe must be re(*.omputed. 

4. Starting and Operating Pressures. The starting pressure is equal to 
the depth of water over the submerged end of the air pipe or foot piece. 
After the pump has been operating a suflicient length of time for the 
water in the well to reach constant conditions, the operating pressure will 
become constant and will be equal to the friction loss in the air pipe plus 
the depth of water outside the well casing and above the foot piece. The 
latter is the same as the difference between the depth of water in the well 
when not pumping and the drawdown for the particular rate of discharge. 

6. The Size of the Eductor Pipe. It is desirable to have a high velocity 
in the eductor pipe in order to prevent the formation of slugs of air and 
water. The velocity of the mixture of air and water should increase in 
ascending the pipe in order to avoid, as much as possible, ‘‘slip^^ of the 
bubbles. The maximum efficiency has been found to occur near that 
velocity at the lower end of the eductor pipe at which the mixture first 
becomes complete. This velocity varies with the diameter of the eductor 
pipe only, so far as is now known. Experiments have shown the following 
velocities to be suitable: 

Size of air pipe, in. 3 4 5 

Velocity at entrance to eductor pipe, f.p.s. 5.6 7.3 11.8 12.7 

* Johnson, J. E., Am. Machinist^ July 27, 1899. 
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The velocity at discharge is assumed to be about 20 to 25 f.p.s. The 
volume of the mixture must be computed as the volume of the water plus 
the volume of the air corrected for the proper pressure. 

282. Air-lift Boosters. The inefficiency of air lifts renders them 
unsuitable for lifting water after it has been delivered from the well, 
particularly for moving the water in any direction but vertical. Because 
of the high velocity of the flowing water at the discharge, there is con¬ 



siderable kinetic energy that can be utilized for further lifting the water, 
thus recovering some energy that otherwise would be dissipated. 

The device used for this purpose is known as a booster. It is illus¬ 
trated in Fig. 129. The air and water escaping from the eductor pipe are 
separated by the umbrella, the water falling to the bottom of the con¬ 
tainer, the air rising to the top. The entrapped air is compressed 
partially by the water discharging from the well. This forms a back 
pressure on the well and a pressure on the entrained water which forces it 
out through the slotted discharge pipe. Air escapes continuously 
through the air vent at the top. The air vent is throttled to maintain the 
desired pressure in the booster. 

If the air from the booster is returned to the compressor, an advantage 
is gained in the use of cooler air and a slight increase in pressure of the air 
at the intake. 










CHAPTER XVII 

MISCELLANEOUS ENGINES AND PUMPS 

283. Internal-combustion Engines. An internal-combustion engine 
develops power by the explosion of fuel within the cylinder of the engine. 
Internal-combustion engines are particularly suited as stand-by equip¬ 
ment in pumping stations depending primarily on electric power generated 
elsewhere than in the pumping station. In the event of interruption of 
electric service, the internal-combustion engine can be started relatively 
quickly, with little or no interruption of service. The best known types 
of such engines are the gas or gasoline engine, operating on the Otto 
cycle, and the diesel engine. 

284. Gas or Gasoline Engines. An outstanding advantage of the 
Otto-cycle engine is its (piick-starting chara(*teristics. The speeds of 
such engines are suited for direct drive of electric generators or centrifugal 
pumps. The first cost of such engines and their maintenance are usually 
lower than the corresponding costs of diesc'l engines of ecjual power. 
However, the fuel economy of Otto-cycle engines, compared with other 
available power sources, is usually such ^hat gas or gasoline engines are 
not often used as the main power-generating units in a waterworks 
pumping station. 

In a comparison of the features of two-cycle and four-cycle engines 
it is found that the latter can operate at a higher speed; the crankcase 
need not be enclosed; better lubrication is secured because of the lower 
temperatures; the economy and efficiency are higher; there is less loss of 
energy in exhausting old and inhaling new gases; and the power per unit 
volume of piston displacement is only about 52 to 58 per cent of that of a 
two-cycle motor, because there is only one power stroke in four rather 
than in two. In the two-cycle motor the exhaust gases are less com¬ 
pletely expelled; there are fewer valves; and there is less weight per 
horsepower, which reejuires less space and lighter foundations. 

High-speed gasoline engines are low in first cost but are relatively 
high in fuel cost compared with diesel engines. Large gas engines will 
develop I hp.-hr. on 0.7 lb. of fuel at full load. Units are available 
up to 585 hp., and, as they operate at speeds of 720 to 1,500 r.p.m., they 
are suitable for direct connection to centrifugal pumps or electrical 
generators. 
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286. Diesel Engines.^ Diesel engines have high thermal efficiency; 
they can use almost any type of liquid or gaseous fuel; they are expensive 
in first cost; they are not easy to operate; they are difficult to start, 
requiring an outside source of power to compress the air to the proper 
firing temperature in the cylinder; and their speed is slow, usually requir¬ 
ing a speed-increasing mechanism uhen driving either an electric gen¬ 
erator or a centrifugal pump. The use of speed-increasing gears on 
reciprocating engines has not been extensive, ('’ommon forms of power 
storage used for the purpose of starting diesel engines include electric 
storage batteries and tanks of compressed air. Other difficulties with the 
operation of diesel engines are caused by the relatively large number of 
moving parts and the experienced care required in their lubrication and 
maintenance. 

Diesel engines have good partial-load characteristics and good speed 
regulation. They \\ ill recpiire about 0.48 lb. of (‘rude oil per brake horse- 
power-hour, ^ whereas a semi-dies(4 engine will consume about 10 per cent 
more. The fuel efficiency is (luite constant over a considerable variation 
of speed and head, and the economy of small units is almost equal to that 
of the larg(‘st sizes, making possible the use of a number of small units 
instead of concemtrating into units of the largest possible size, as is proper 
for steam. 

The diesel engine is approximately 35 per cent more economical at 
full load than the Otto engine, on the basis of pounds of fuel per horse¬ 
power developed, and 50 per cent more economical at light loads. In 
general terms the economy is in the ratio of 2:3. Fuel at present is sold 
by volume instead of by weight; therefore the diesel effects a further 
saving compared with gasoline-driven engines in the ratio of approxi¬ 
mately 7:8. The price of gasoline to the average user is about 3 or 2:1 
compared with fuel oil. Therefore the over-all operating cost of fuel for a 
diesel engine is 20 to 25 per cent of that for an ecpiivalent Otto gasoline 
unit. Lu!)ricating costs are practically the same for the two types of 
engines. The fu(4 efficiency of a diesel engine is about 32 per cent as 
compared with the best steam-driven thermal efficiency of about 28 per 
cent.^ It is, therefore, plainly evident that the total annual hours (ff 
service, representing a definite saving, becomes a deciding factor to the 

^Seo also Ptissell, W. S, Diesel P^ngines in the Water Works Field,” Jour. 
A.W W.A , January, 1936, p 119; and Boehm, A. M., “Internal Combustion Engines 
in Water Works and Sewage Plants,” Jour. New Engl. Water Works Assoc.^ Vol 60, 
p 27, 1946. 

2 See also McDonald, N G , “Modern Trends in Pumping Station Equipment,” 
Jour AWW A , August, 1942, pp 1241 and 1253 

See also Earl, E , Jour New Engl Water Works Assoc , Vol 47, p 61, 1933. 
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purchaser in his selection of powerJ Couch^ has made a valuable com¬ 
parison of steam, electric, and diesel power for waterworks pumping 
stations. 

Diesel-engine units are made in sizes larger than Otto-cycle engines. 
The 6,850 hp. units in the municipal power station at Vernon, Calif., are 
among the largest units made.*"* The advantages of the diesel engine so 
outweigh its disadvantages that it has taken a permanent place in the 
waterworks field. * 

286. Diesel Auxiliaries. The principal auxiliaries required in 
connection with a Diesel engine have to do with the handling of the fuel 
oil.'* They include a hand-operated and a power-operated fuel-oil pump, 
cooling-water equipment, oil-storage equipment, equipment for warming 
tjie fuel-oil, oil meters, and oil purifiers. 

287. Fuel Oil. Although diesel engines will operate with many 
different kinds of liquid and gaseous fuels, the efficient operation of any 
particular engine requires discriminating selection of the fuel. It is 
desirable that the type of engine installed shall be suited to the type of oil 
available in the locality. As a general guide in the purchase of fuel oil the 
following desirable characteristics may be considered: (1) minimum 
specific gravity, 24°B(5; (2) viscosity (Haybolt Universal at 1()0°F.), 
minimum 40 sec., maximum 100 to 150 sec.; (3) sulphur, maximum 1.5 
per cent; (4) ("onradson carbon (carbon residue), 1.0 per cent; (5) flash 
point, minimum 150°F.; (6) water and sediment, by volume, 0.5 per cent; 
(7) pour point, less than the minimum temperature at which the oil is to 
be used. Gravity, flash point, and sulphur should, in general, he given 
the least consideration provided the flash point is above the legal limit. 

288. Water Power and Wind Power. The development of liydraulic 
power for waterworks purposes is a neglected field, because conditions are 
not usually favorable for its development and utilization, other forms of 
power being less expensive. 

For small installations for private estates and remote institutions the 
hydraulic ram may be used for raising water from a falling stream, or the 
windmill may be used for well pumping or surface-water pumping. A 
form of hot-air engine that has been used occasionally for small installa¬ 
tions is now almost obsolete. Except for the hydraulic ram, which is 
manufactured with capacities up to 700 g.p.m., such devices are seldom 
used to raise more than a few gallons of water per minute and are not used 
for lifting public water supplies. Where water power is available, water 

^See also Jahnke, C. B., Assoc. State Eng. Socs. Bully April, 1934, p. 7. 

* Sec Jour. Neic Engl Water Works Assor., Vol. 44, p. 458, 1930. 

^ See Civil Eng., Sc^ptembor, 1935, p. 533. 

* See also Hall, R. D., Jour. A.W.W.A.y Vol. 23, p. 337, 1931. 
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turbines may be successfully connected directly to centrifugal pumps, as 
at Calgary.^ 

289. Power Pumps. A pump that is connected to the driving engine 
by means of gearing, belting, or shafting is called a power pump, provided 
that it is not integrally connected to the motive power as in a steam pump. 

The triplex pump, illustrated in Fig. 130, consists of three water 
cylinders operated in parallel by means of some type of power drive. 
It is a frequently used type of power pump and gives satisfactory service. 



Fig. 130. — Triplex power pump. {Denting ) 


Such pumps are available in capacities up to about 0,000,000 gal. per day 
and under about 200 hp. With hrst-class maintenance they will develop 
efficiencies up to about 85 per cent. In the installation of a triplex pump 
some form of pressure relief should be connected to the discharge pipe so 
that in the event of a stoppage in the discharge line, bursting pressures 
will not be developed, ''fhe rigid connection between the pump and the 
driving engine allows of no pressure relief in the pump. 

Types of power pumps, which may also be used as the water end of 
steam pumps, are illustrated in Fig. 131. Two types of single-acting 
piston pumps are available. In the type illustrated in Fig. 131A the 
water does not pass through the piston or cylinder, whereas in the type 
shown in Fig. 131^ the water flows through a port in the piston. The 
latter is used mainly for well pumps. 

In each of the single-acting pumps the motion of the water is alter¬ 
nately started and stopped, resulting in vibration, shock, and loss of 
^ See also McDonald, loc cit. 
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energy. This condition is partly overcome by the U-pump shown in 
Fig. 131C in which the flow of water is always in the same direction. 

When the discharge pipe and pump chamber of the differential- 
plunger pump shown in Fig. 131Z) are filled with water, the discharge 
valve closes as the plunger rises, and water is drawn into the pump 



Single Acting Piston 
Pumps 


U Pump Differential Plun¬ 
ger Pump 


Fio 131 — Types of pump. 


through the suction valve. At the same time the water between the 
plunger and the walls of the cylinder is expelled through the discharge 
pipe. There is, therefore, both suction and discharge on the upstroke of 
the plunger. On the downstroke the suction valve is closed, and water is 
expelled from the pump chamber through the discharge valve. A portion 
of this water leaves through the discharge pipe, and another portion 

passes into the space between the 
plunger and the cylinder w^alls. 

290. Jet Pumps. The jet pump 
shown in Fig. 132 operates because 
the velocity of water passing through 
the j€‘t is retarded by the expansion 
of the stream beyond the jet orifice. 
The increase in the size of the stream 
creates a part ial vacuum wdiich raises 
water through the suction pipe. The 
velocity energy of the incoming high- 
pressure water is converted into pres¬ 
sure energy in the discharge pipe. 
A jet pump is simple and reliable and 
requires no lubrication and little or 
no attention in operation. Sucli pumps aie suitable only where the 
mechanical equipment must be of the simplest kind and where high- 
pressure w'ater is available at a low’ cost. 

The discharge lift of the pump is limited to about 12 to 18 ft., and the 
discharge line should be arranged to prevent the back flow of air. This 



6ucfion> 

Diagram of Tnfenor 



Fio. 132.— Hydraulic ejector. 
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can be done by submerging the end of the discharge pipe. The operation 
of the pump requires about 4 to 5 p.s.i. pressure on the high-pressure line 
for each foot of lift on the discharge line and about 1 gal. of high-pressure 
water for each gallon of water raised through the suction pipe for lifts up 
to about 8 ft. In order to obtain the best efficiency the pumps should be 
so set that all of the lift is in the suction pipe. 

Jet pumps are used mainly as auxiliaries in pumping stations, par¬ 
ticularly where steam is available. Their discharge pressures and 
efficiencies are low. 


Dischoirge 

\ 



Discharge 



Sue Hon 


Fig. 133 —Rotary pumps. 


291. Rotary Pumps. ^ A rotary pump is a displacement pump, since 
the revolving blade fits close to the casing, thus pushing the water from 
the pump by displacement. Sections through rotary pumps are shown 
in Fig. 133. The blades revolve in a downward direction at the center, 
water being carried upward around the sides of the casing. Water is thus 
pushed through the discharge pipe, and a partial vacuum is created on the 
suction side. A relatively high vacuum is created because of the tight- 
fitting parts. 

Rotary pumps are used in small ^\ate^\vorks and to some slight extent 
in larger units on public water supplies. They are not suitable for 
handling liquids containing suspended matter because of the close fit of 
the rotors in the casing. The pumps are self-priming. They give 
operating efficiencies between 50 and 85 per cent, with a flat efficiency 
curve under partial loads. ^ 

A rotary pump is necessarily power driven and, because of its positive 
action, provision for pressure relief must be put on the discharge pipe. 

292. Miscellaneous Pumps. The many devices used for pumping 
w^ater testify to the ingenuity of man in their invention. Those devices 

^ Blakewell, W E , “Rotary Pumps,” Powery November, 1934, p 602 
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which are used to some extent in pumping public water supplies are 
described in other sections of this book. Air-displacement pumps, 
hydraulically driven reciprocating pumps, Humphrey pumps, diaphragm 
pumps, and steam vacuum pumps are only a few of the types of machines 
used for moving water. They arc useful primarily in other fields than 
that of public water supplies. Screw pumps are infrequently used in the 
pumping of public water supplies l)ecause of the low lift to which they 
are limited. One type of screw pump is similar to a ship’s propeller. 
Another consists of a helix revolving in a closed cylinder open only at the 
top and bottom. 



CHAPTER XVIII 

MATERIALS FOR AND THE DESIGN OF PIPES 


293. Materials. Materials used most commonly for distribution 
pipes include iron, steel, and cement. Lead, copper, zinc, tin, and alloys 
such as brass, bronze, and stfiinless steel are used, in addition to ferrous 
metals, in pumping machinery, small pipes, valves, and other appurte- 


Table 52.—Some Standard Spec’ifications for Waterworks Equipment 


Number 

Subject 

Published in 
Jour. 




A.WAV. A. 

ASA A21.1 

1939 

Strength and thickness of cast-iron pipe. 

Doe., 1939 

ASA A21.2 1939 

Pit-cast cast-iron pipe. 

Doe., 1939 

ASA A21.4 1939 

Ceraent-niortar lining for cast-iron pipe. 

Doe., 1939 

7C.1 

1908 

Castr-iron special castings 


7D.1 

1938 

Izaying cast-iron pipe. 

Feb., 1938 

7A.1 

1940 

Rivet cd-steel pipe. 

Jan., 1940 

7A.2 

1940T1 

Lock-bar pipe. 

Jan., 1940 

7A.3 

1940 

Steel water pipe 30 in. and over. 

Jan., 1940 

7A.4 

1941TR1 

Steel water pipe up f ;0 30 in. 

April, 1943 

7A.5 

1940 

Coal-tar enamel coatings, steel pipe 30 in. and 


7A.6 

1940 

over 

Coal-tar enamel coatings, steel pipe up to 30 in. 


7A.7 

1941 

Cement-mortar coating, pipe 30 in. and ovit. . 


7A.8 

194f>Ti 

Field welding of steel pipe joints. 

March, 1946 

7F.1 

1939 

Gate valves. 

March, 1939 

7F.2 

1941T1 

Sluice gates. 

Oct., 1941 

7F.3 

1940 

Fire hydrants. 

Aug., 1940 

7F.3.1 

1937 

Uniform marking of fire hydrants. 

April, 1937 

7B 

1943T‘ 

Reinforced-coiicretc pressure pipe. 

April, 1943 

7H.1 

1943 

Elevated steel reservoirs 


7H.2 

1943 

Repainting elevated steel reservoirs . 

July, 1943 

7M.1 

1946 

Cold-water meters, displacennmt type. 

Dec., 1941 

7M.2 

1946T‘ 

Cold-water meters, current type . 

April, 1946 

7M.3 

1946T‘ 

Cold-water meters, compound type. 

April, 1946 

7M.4 

1947T' 

Cold-water meters, fire service type. 

Feb,, 1947 


1931 Federal Specifications for Cast-iron Pipe WW-P-421, not published in Jour, 


A,W.W.A, 


1 Where only a year appears in this column the specifications liave been adopted as standard. The 
letter T indicates tentative; TR indicates a tentative revision. 
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nances. Sulphur, sand, rubber, lead, lead substitutes, and cement are 
used in pipe joints. Other substances such as nickel, aluminum, chro¬ 
mium, clay, and asbestos are used occasionally in alloys or mixtures 
principally for protection of other metals against corrosion. The Second 
World War brought out many substitutes for materials formerly used, 
such as the plastics, some of which have remained to become competitive. 
In general, standard specifications that have not been changed as a result 

of war experience are being adhered 
to. Some standard specifications 
for waterworks materials are listed 
in Table 52. 

294. Cast-iron Pipe. Cast iron 
is the material most commonly 
used for distribution pipes because 
of centuries of satisfactory experi¬ 
ence with it. Its durability under 
conditions ordinarily encountered 
is exceeded by no other material. 
The condition of an ancient cast- 
iron pipe used for the fountains at 
Versailles, France, is shown in Fig. 
134. 

296. Manufacture of Cast-iron 
Pipe.. Cast-iron pipe is manufac¬ 
tured by two methods: (1) in sand 
molds, and (2) by the centrifugal 
process. In sand casting, molten 
metal is poured into sand-lined molds that are set in cither a vertical or 
horizontal position. Horizontally cast pipe is often referred to as 
'^McWane pipe.” Pipe cast in the vertical position is usually referred 
to as ^^pit cast.” Pipes 18 in. or more in diameter are cast with the 
bell end down in order to avoid weakness from the accumulation 
of slag in the bell portion. Smaller pipe may be cast with either 
end down. Pit-cast pipe is manufactured in accordance with American 
Water Works Standard Specifications for Cast Iron Water Pipe and 
Fittings, adopted May 12, 1908. Standard specials continue to be 
manufactured in accordance wdth these specifications, but centrifugally 
cast pipes are now' more extensively used. 

The two methods used in casting pipe by the centrifugal process are 
(1) in a sand mold, and (2) in a w^ater-cooled metal mold. In both 
methods, molten iron is fed at a uniform rate from a spout which is moved 



Fia. 134 Cast-iron pijic hud in Ver- 
Htullos, Iranrp, in l(i(j4, undci Louis Xl\ , 
excavated m 1910 {CourUsy of (\ist-iion 
Pipt Researdi Association.) 
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slowly into or out of the mold while the mold is revolving about its 
longitudinal axis in a horizontal position. A typical procedure in the 
manufacture of centrifugally cast iron pipe is as follows: Sand is rammed 
between the pattern and the mold while both are slowly revolving with 
their longitudinal axes in a vertical position. The pattern is withdrawn, 
and the mold is faced. The mold is then dried in the drying station. 
From here it proceeds to the casting machine w^here it is rapidly spun 
about its longitudinal axis in a horizontal position. The exact amount of 



Fig. 135 —Foundry of American Cast Iron Pipe Co for the contrifuRal canting of iron pipes. 
{Courtesy of American Cast Iron Pipe Co ) 


metal required for the walls of the pipe is carefully weighed and poured 
into the revolving mold. The rate of revolution is usually such as to 
produce a force of 75g on the metal, i.c,, a force of 75 lb. for each pound 
weight of metal. This calls for a speed of about 1,550 r.p.m. for 3-in. 
pipe and 350 r.p.m. for 48-in. pipe. The molds are spun until the metal 
solidifies; then they are taken to the cooling room to cool slowly to assure 
annealing. Figure 135 shows the casting stage in a large cast-iron pipe 
foundry. After cooling, the flasks are stripped and the pipes are cleaned, 
tested, and coated. 

Centrifugally cast pipe are commonly manufactured in accordance 
with Federal Specifications WW-P-421, with subsequent revisions. 
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298. Thickness of Cast-iron Pipe. Cast-iron pipe is manufactured in 
many different thicknesses. The thickness to be selected depends upon 
the forces to be resisted by the pipe. The following procedure in the 
determination of pipe-wall thickness is taken mainly from Manual for 
the Computation of Strength and Thickness of Cast Iron Pipe/' approved 
by A.S.A., December, 1939.* 





Fig. 136 — Three-edge bearing test for cast-iron pipe. 

The load that will just cause breakage of a pipe is 



where w = external load per unit length , 

p = intensity of internal bursting pressure 
W = external load per unit length that will crush pipe 
P = intensity of internal pressure that will hurst pipe 
For a pipe supported on a three-edge bearing, illustrated in Fig. 136, 


W = 


_ 

0.()795(d + 0 


( 2 ) 


where t = net thickness of pipe wall, in. 
d — internal diameter of pipe, in. 

7? == modulus of rupture, p.s.i , or metal in pipe, as determined by 
crushing tests, usually taken as 31,000 
Values of the ratio TF'/ir are given in Table 53, in which IF' is external 
load per unit length that will crush the pipe under the field conditions 
showm and W is the corresponding load under three-point bearing. 

Net wall thickness is computed to resist external loads, as discussed in 
Sec. 191. Gross thickness is computed as the sum of net thickness to 
care for all loads, with allowance for foundry tolerance, corrosion, beam 
^ Jour. A.W.W.A.., December, 1939. 
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conditions, and a factor of safety, usually about 2.5. The allowance for 
beam conditions is particularly important for small pipes. 

The empirical procedure in the determination of net thickness is as 
follows: 

1. Assume two thicknesses, one slightly larger and the other slightly smaller than 
the true thickness, and compute the corresponding values of H' and P from formula 
(2) and from the expression 



where « — strength of iron in bursting tension, p.s.i., usually taken at 11,000. 

Table 53.—Uatio of Trench Load to fklcivALENT THREE-EixiK Hkarino Load 


Field 







Pipe diameter 

, in. 







condition' 

4 

6 

8 

10 

12 

14 

16 

18 

20 

24 

30 

36 

42 


51 

60 

A 

1.15 

1.15 

1.15 

1.15 

1.15 

1.15 

1.15 

1.15 

1.15 

1.15 

1.15 

1.15 

1.15 

1.15 

1.15 

1.15 

B 

1.29 

1.32 

1.34 

1.36 

1.38 

1.41 

1.43 

1.45 

1.47 

1.52 

1.58 

1.64 

1.69 

1.72 

1.75 

1.77 

C 

0.22 

0.31 

0.40 

0.50 

10.60 0.67 

0.73 

0.78 

0.81 

0.87 

0.03 

0.96 

0.9810.99 

0.99 

1 00 

D 

0.82 

0.83 

0.84 

0.86 

0.881 

0.91 

0.95 

0.98 

1.01 

1.07 

1.14 

1.19 

11.23 

1.25 

1.28 

1.31 

E 

1.50 

1.50 

1.50 

1.50 

1.50 

1.50 

1.50 

1.50 

1.50 

1.50 

1.50 

1.50 

1.50 

1.50 

1.50 

1.50 

F 

1.75 

1.78 

1.80 

1.83 

1.85 

1.88 

1.90 

1.93 

1.95 

2.00 

2.08 

2.11 

2.20 

2.25 

2.29 

2.31 


1 See following descriptions: 

A “ flat-bottom trench, not tamped. 

B flat-bottom trench, tamped. 

C = pipe on bhicks, not tamped. 

D pipe on blocks, tamped. 

E ™ bottom of trench shaped to 90 deg. of pipe, not tamped. 

F «» bottom of trench shaped to 90 deg. of pi|H*, tamfUMl. 

2. With the computed values of W and of P plot a Rraph for expression (1), as a 
straight line on specially prepared coordinate paper with the ahseissas for P plotted to 
a natural scale and with the ordinates for W varying as Such a plot is shown in 
Fig. 137. 

3. The net value of / is found by interpolation, using t he values of p and of ta to 
be resisted. 

The following is an example of the procedure: 

Example: Let it be desired to determine the thiekriess of a cast-iron pipe for the fol¬ 
lowing conditions: d = 48in.; 5 = 11,000p.s.i.;== 31,000p.s.i.; water hammer allow¬ 
ance = 70 p.s.i.; static pressure = 100 p.s.i.; external load due to baekfill - 3,200 lb. 
per ft.; external load due to trucks = 1,400 lb. per ft., to be neglected in this example; 
factor of safety = 2.5; and field condition Table 53, prevails. 

Solution: The three-edge bearing load equivalent to fifi load plus truck load, with 
value 1.72, from Table 53, * 3,200/1.72 = 1,860 lb. per ft. length of pipe. 

Hence 

w * 1,860 X 2.5 = 4,650 
p « (100 + 70)2.5 » 425 
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Now assume that U ■= 1.10 and U = 1-20 
Then 

p _ 2 X 1.1 X 11,000 2 X 1.20 X 11 , 000 

^ ■ T “ “ ■ 48‘ 48 

« 504 or 550 

m 1.102X31,000 1. 202X3 1,000 _ 

^ “ 0.‘0795(rf + i) * 6.0795 X 49.1 6.0795 X 49.2 ’ 


11,420 


The curves, or graphs, for those values of P and of \V are shown in Fig. 137. By 
interpolation, using p = 425 and w = 4,650, the value of / = 1.15 in. is found. This 



Bursting pressure in 100 pounds per sci.in. 


Fig. 137.—DetermininK thiekno.ssof cast-iron pipe by load pes&urc parabolawS drawn as 
straight lines; 4S-iii. pijx' used as saini>Ie. (From Manual for the Computation of Strength 
and Thickness of (\ist-iron Pipe, p. 19, Jour, A. IF. IF.4. December^ 1939.) 


valut; of t must be increased by the necessary foundry tolerance and corrosion allow¬ 
ance. The ma.xiinum foundry tolerances allowed by standard specifications are as 
follows: for pipes 3 to 8 in. in diameter, 0.07 in.; 10 to 24 in. in diameter, 0.08 in.; and 
30 to 60 in. in diameter, 0.10 in. C’orrosion allowance is 0.08 in. No thickness should 
be made less than a certain minimum permitted for the particular diameter and kind 
of iron. 


Calculated thicknesses are not used exactly, but the standard thick¬ 
ness, or the next thicker standard thickness, is used. A few standard 
thicknesses for some of the 14 classes of pit-cast pipe are shown in Table 
54. 
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Centrifugally cast pipes, under Federal Specifications WW-P-421, for 
equal thicknesses are stronger than pit-cast pipes, since the permissible 


Table 54.— Some Standard Thicknesses for Pit-cast Iron Pipe^ 
• Thickness in inches 



value of 72, the modulus of rupture, is 40,000 p.s.i. Some standard 
thicknesses for pit-east and centrifugally east pipe are shown in Table 55. 


Table 55.— Some Standard Thicknesses for Centrifiigally Cast* and Pit-Cast* 

Iron Pipe 



CeiitrifuKaJly cast 

Pit cast 

Inside 

diain., 

in. 

Thickness, in. 

Pounds per 12 ft. 
length 

Thickness, in. 

Pounds per 12 ft 
l(*ngth with bell 

150 

250 

150 

250 

130 

260 

130 

260 



p.s.i. 

p.s.i. 

p.s.i. 

p.s.i. 

p.s.i. 

p.s.i. 

p.s.i. 

p.s.i. 

4 

0.34 

0.38 

105 

220 

0.48 


280 


6 

0.37 

0.43 

315 

350 

0.51 

0.61 

430 

531 

8 

0.42 

0.50 

475 

545 

0.56 

0.71 

625 

802 

10 

0.47 

0.57 

640 

7(*>0 

0.62 

0.80 

850 

1,114 

12 ! 

0.50 

0.62 

810 

990 

0.68 

0.89 

1,100 

1,474 

14 

0.55 

0.69 

1,060 

1,320 

0.74 

0.99 

1,400 

1,(K)5 

16 

0.60 

0.75 

1,320 

1,635 

0.80 

1.08 

1,725 

2,358 

18 

0.65 

0.83 

1,595 

2,015 

0.87 

1.17 

2,100 

2,872 

20 

0.68 

0.88 

1,860 

2,365 

0.92 

1.27 

2,500 

3,448 

24 

0.76 

1.00 

2,480 

3,200 

1.04 

1.45 

3,350 

4,707 


» Federal Specifications WW-P-421. 

* American Water Works Association, 1908. 


Class 150, centrifugally cast pipe, is frequently used in place of Class B 
(130 p.s.i.) for pit-cast pipe. Classes 100, 150, 200, and 250 represent 
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working internal pressures in pounds per square inch under which 
centrifugally cast pipes are designed to operate. 

297. Lengths of Cast^‘iron Pipes. Pit-cast iron pipe is manufactured 
in standard lengths of 12 ft, 16 ft, and 5 m. Ceptrifugally cast pipe is 
available in standard lengths of 12, 16,16}^, 18, and 20 ft. Advantages in 
the use of greater lengths is the smaller number of joints to be made and 



Cross 


I or A Beils 



Ficj. 138.'- Standard cast-iron spocialH for water-pipe bell-and-spigot ends. 


the smaller amount of leakage to be expected. Shorter lengths are, 
however, lighter and easier to handle. The cutting of cast-iron pipes to 
a desired length in the field is slow, difficult, and endangers the pipe 
because of cracking in the cutting process. 

298. Cast-iron Pipe Fittings. The types and dimensions of bell-and- 
spigot fittings for cast-iron water pipes standardized by the American 
Water Works Association in 1908 and by the New England Water Works 
Association and the American Society for Testing Materials, which are in 
general use today, are illustrated in Fig. 138. The various branches 
shown and certain other specials are cast with all ends bell or with one end 
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rian3e & Bell 
also M ■ spiqofr 


Shorf Length 
Flange 8r Spigot 


Reducer 

Companion flanges 


Y Branfch 

Fia. 139.—Standard specials with flanged ends for cast-iron water piix*. 



Elbow or ReducingEibow Side Outlet Double Branch 
Bend or Bend ElboworBend ElboworBend 




Long Radius 45'*Elbow 
ElboworBend or Bend* 




Reducing Side 
Outlet Tee 



Tee 



or Bend 


Im<». 140—American standard fittings, flanged, for cast-iron pipe. 
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bell and the other end spigot. The casting of fittings not included among 
those considered ^‘standard is expensive. It is to be avoided where the 
use (rf standard specials can be devised in a satisfactory manner. 

Standards for flanged cast-iron water pipe and fittings have not been 
adopted by any recognized waterworks authority. Manufacturers^ 
standards^' are used in practice. They differ, more or less, among 
manufacturers. Some of the more commonly used flanged fittings are 
illustrated in Fig. 139. The American standard flanged fittings for 
steam pipe^ give smaller radii and permit work in more confined space 
than the manufacturers' standards for waterworks fittings. Standard 
steam fittings are used in waterworks practice when the occasion demands. 
Some types of flanged fittings for steam are shown in Fig. 140. 





CENTRIFUGALLY CAST 
TYPE I PIPE 


CENTRIFUGALLY CAST 
TYPE I, PIPE 


Fia. 



CENTRIFUGALLY CAST PIT CAST 

TYPCm PIPE A.W.W.A.1908 SPECIFICATIONS 


141." -Bell-and-spiRot oast-iron pipo joints. (J’/entrifugally cast pipe by Federal 
SpocifioatioTiH WW-P-421, 


299. Joints for Cast-iron Pipe. Joints frcciuontly used for cast-iron 
water pipe include bell-and-spigot, mechanical, flanged, and threaded. 
Other types are used under special conditions. 

Bell-and-spigot joints are used principally for buried pipes. Sections 
through typical joints are shown in Fig. 141. The bell-and-spigot joint is 
made by slipping the spigot end of the pipe into the bell end of the adjacent 
pipe until contact is made at the base of the bell. If a lead joint is to be 
made, the space between the bell and the spigot is packed with hemp to a 
depth of 2 or 2^ 2 ib. The remaining space is filled with molten lead or 
lead substitute. In making a bell-and-spigot joint it is not necessary for 
the pipes to fit with exactness in order to hold the joint tight, and a slight 
variation in alignment is permissible, so that the pipe line can be laid 
around a long-radius ciirv^e. The joints recpiire some skill in finishing, 
and they do not make a neat appearance when compared with some other 
types of joints. 

* Adopted by American Society of Mechanical Engineers, March 20, 1914. 
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FiOr 142 T\pes of cast non pipe lomts (A) Open bell pipe (bell and spigot without 
prepared joint) (B) prepared loint pipe (C) threaded intermedi ite joint (oversize threads) 
(D) meehameal joint pipe, (E) roll-on-rubber-ring joint pipe {Courtesy of American Cast 
Iron Pipe Co ) 
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Mechanical joints and rubber-packed or filled joints have been more 
commonly used during and since the Second World War, primarily 
because of the scarcity of lead. Types of mechanical joints are shown 
in Figs. 142 and 143. A rubber-gasket joint is shown in Fig. 144. The 
sleeve-type coupling shown in Fig. 145, sometimes called a Dresser 
coupling, is a mechanical joint frequently used under unusual conditions. 
The complete joint consists of the sleeve, two gasket rings, and two 
following rings connected by holts. The sleeve is slipped over or around 
the plain-end pipes, and the rubber packing rings are pushed home by 
tightening the bolts. The slipping of the coupling or joint on the pipe, as 



Fig. 14i3. —Universal 
pipe joint. 



a result of expansion and contraction, can be prevented by placing a 
middle lug, cast on the sleeve, between the ends of the pipes at the joint. 
A satisfactory mechanical joint has a wedge-shaped rubber gasket held in 
place by a cast-iron follower which is drawn up and held in place by bolts 
fastened to lugs or rings on the en(^ of the pipe corresponding to the bell 
end. In these gland-packed joints the rubber is held firmly under 
compression—a requisite for long service. Sleeve and gland-packed 
joints are flexible, watertight, durable, and do not require special skill or 
tools. 

Flanged joints are used extensively on pipes within pumping stations, 
filter plants, and other close quarters. They require close fitting and 
perfect alignment. The joints are neat in appearance, rigid, and are 
easily made if the pipes are n alignment. Threaded joints are rarely used 
on cast-iron water pipes and never on pipes over 12 in. in diameter. They 
are relatively costly and offer no general advantages over flanged joints. 
Standard companion flanges are illustrated in Fig. 139, and American 
Standard pipe threads in Fig. 146. These standard threads were devised 
for wrought-iron steam pipe, but they have been adopted for use on cast 
iron, brass, copper, and other materials capable of being threaded. 

Other types of joints used on cast-iron pipes include an expansion 
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joint, a simple type of which is shown in Fig. 147; and a flexible joint, 
such as is illustrated in Fig. 148. The expansion joint is used on pipes 
exposed to appreciable differences of temperature. Such joints are not 
commonly used on buried cast-iron pipe carrying cold water. Flexible 
joints are used for pipes to be laid submerged under large bodies of water 
where the bottom of the trench or of the body of water may be une\ en, 


Middle ring- 

_ 

Bolt'^ Foilower 

1 / 

, 1 / 

V 




- •» 

Gaskel pipesMi\ 

■"7 " .. 

• Phin'endpipe 



Dresser coupling Vlcfoiulic coupling 

Fig. 146.—Types of couplings for steel pipe. 


T-(0,0n5D+0m) inches 


n - Threads per inch 

A = Diameter of thread at end of pipe ~J) -(O.OSD ^/. 1)P 
Jj' Length of completed threads, inches 


T 

i 

I 


Fig. 146.—Standard pipe threads. 



Fig. 147.—Expansion joint. Fig. 148.—Flexible joint. 


around bends, and under conditions where the rigidity of nonflexible 
joints would preclude the laying of pipe. 

Most joints, except machined joints, require some material to lill the 
spaces in the joint to assure watertightness. Materials may be packed, 
calked, or poured into joints. In a packed joint the material is pushed 
into the joint and is held in place by a follower ring and bolts. C'alking 
comprises the pounding of a compressible material into the spaces in the 
joint in which it is held by friction and shear. Poured joints are formed 
by pouring molten material into the joint where it cools and solidifies. 
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Poured lead joints must be subsequently calked owing to shrinkage of lead 
on cooling. 

300, Joint Materials. Desirable features in joint compounds* 
include elasticity, strength, durability, adhesiveness, workability, 
availability, and economy; if the material is to be poured, no special skill 
is recjuired in pouring. Materials used for joints in water pipes include 
lead, sulphur and sand mixtures, cement, rubber, and various proprietary 
substances with asbestos, hemp, jute, and other substances used as 
packing in poured joints. 

The use of rubber for jointing materials is not uncommon. As a 
joint-filling substan(*e rubber possesses many of the desirable features of 
an ideal joint material. When used in place of hemp a rubber packing 
ring will harbor no bacteria and, once sterilized, is less easily contaminated 
than hemp or jute. Rubber packing makes watertight joints, expands 
and contracts but little with temperature changes, is easy to use, and 
produces a flexible joint. Among its disadvantages, liowever, is its 
deterioration when exposed to gasoline or other petroleum products and 
its susceptibility to microbial attack.^ Among recent types of elastic 
joints is one that utilizes round rubber rings deformed and adjusted in the 
joint as the spigot is puslied into the bell.® 

Other joint materials, some of which may he proprietary, include 
Sinterite,'^ a war-developed substitute made by heating iron powder or 
iron oxides to form a spongy mass that can be calked like lead; and Fibrex, 
a sanitary paper packing with twisted pulp core and braided jacket. 

301. Poured Joints. Lead has beem considered to be the standard 
material for tilling the space in a bell-and-spigot joint, but so many 
satisfactory and economical substitutes are available that its use for this 
purpose is diminishing. An important objection to lead is its lack of 
elasticity and its tendency to work loose under vibration. Lead substi¬ 
tutes include Leadite, ITydrotite, lead wool, Metalium, Tegul, and others.^ 


1 Soo Payne, C. 1L, “Jointing (impounds,” Jour. Pcmin. IPorAif Operators:' 

Assor., Vol. 8, p. 85, 193(). 

2 8cc also ZoBell, C. K,, and J. I). Beckwith, “The Doterioration of Bubt)(*r 
IVoductH by IVlicro-organisins,^’ Jour. A.W.W A., .\pril, 1944, p. 439 

Si‘(* also Hyde, U. H., “The Hyde-Ilo Ring,” Water Works Ac Sewerage, Sop- 
t(*mb(*r, 1940, p. 401. 

^ Scealso Voot, lAKN 9 >,Gesumih .-htg., Vol. 59, p. 031, abstrac’ted in A.W.W.A., 
June, 1939, p. 1071. 

^Thomas, R. J., “Lead Woo^” Jour. A.W.W.A., Vol. 5, p. 10, 1918; Healey, 
Thomas, “Substitutes for Lead Joints,” Jour. A.W.W.A., Vol. 7, p. 234, 
1920; Knowles, IT. V., “Metalium,” Jour. A W.W.A., Vol. 5, p. 174, 1918; and 
Payne, C. R., “Tegul,” Water Works & Sewerage, September, 1935, p. 317. 
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Lead wool is shredded lead. It is packed into the joints in strands 
about Li diameter and 1 to 3 ft. long, depending on the size of the 
pipe. Calking is best done with a pneumatic tool, using a calking iron of 
the type shown in Fig. 149. Suphur compounds which include such 
proprietary products as Leadite, Tegul, Hydrotite, and Metalium, are 
composed principally of sulphur mixed with such substances as iron, slag, 
and salt. They are lighter than lead and possess some advantages over it. 
Sulphur and sand compounds melt at about 240°F., become liquid at 
248°F., and ignite at 280°F. 

Sulphur-compound joints tend to become lighter with time, whereas 
where lead joints leak the condilion tends to become progressively worse. 
Specifications for newly laid pipe may provide that 
the leakage should not exceed 100 gal. per day per 
mile of pipe per inch nominal diameter for pipe in 
12-ft. lengths, 75 gal. for IG-ft. lengths, and corre¬ 
sponding amounts for other lengths of pipe.^ The 
test for leakage is to be made under a pressure of 
150 p.s.i. Tests made immediately after the com¬ 
pletion of a pipe laid with sulphur compound joints 
showing a relatively high rate of leakage are not at 
all indicative of the ultimate tightness of that line . . 
compound joints will seep in the early stages of their life, but will take- 
up as they age.”^ 

Cement is used successfully for bell-aiid-spigot joints in both c()n(*rete 
pipes and metal pipes. The material may be either packed into place as a 
stiff mortar or poured into the joint space as cement grout.^ 

302. Wrought Pipe and Fittings. There is some confusion about the 
(quality of materials knowm as wrought iron and that of wrought steel for 
pipe. This is due partly to the similarity of methods of manufacture and 
of the quality of the materials in the tw'o kinds of pipe. The term 
‘^wrought pipe^^ partly overcomes the difficulty. Wrought pipe is 
manufactured by rolling flat plates of the metal to the propc'r diameter 
and welding the edges. It is used principally for installations within 
buildings where it is protected against the agents of corrosion that are 


Yarninq 
Tool 
Fig. 


Coilkinq 

Toor 


149. - C'alkiiiK 
tools. 


. ^because) sulphur- 


^ ‘^Tentative Standard Specifications for Laying Cast-iron Pipo,” Jour A.WAV. A , 
February, 1938 p. 215. 

2 See also Pracy, (t. W., “Cement .Joints for (^ast Iron Water Pip(‘,” Jonr. 
A.W W.A , Vol 7, p. 436, 1920; Shaw^, C H , “Cement .Joints for Cast Iron Water 
Mains,” Proc A Vol. 43, pp. 433, 1303, 1917; Alexanojui .1 , and 11 M. 

Ebattgh, “Cement Joints for Improved Water Quality,” Jour. A W.W A , \pril, 
1941, p. 769. 
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more active in exposed locations. The material is used in pipes from % 
to about 20 in. in diameter. Compared wif h cast iron, the pipe is lighter; 
is more easily cut, threaded, and worked; and. for interior work, presents 
a neater appearance. It is less durable and is more expensive than cast- 
iron pipe. 

Couplings and nipples are the only fittings made of wrought iron or 
steel. Other ferrous metal fittings are made of cast or malleable iron. 


TABI.E 66.—Dimensions of Standard Mai.i.eabi.e Iron Fittings 

(Crane (\)mpany) 


Dimensions, in Inches 
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Malleable iron is cast iron of such quality that it has some toughness 
which permits its being bent or pounded to some extent. It cannot be 
forged, and it can be broken by a hammer blow. Some dimensions of 
standard fittings are shown in Table 56. 

303. Steel Pipe. Specifications for steel pipe of various sizes and for 
various applications have been prepared. References to most of these 
specifications are given in Table 52. Seamless steel tubing or mill pipe is 
made in sizes from to 24 in. Thicknesses, weights, and working 
pressures for nine sizes of pipe are shown in Table 57. Pipes made of 
rolled steel are used mainly on long pipe lines with diameters greater than 
3 or 4 ft. They are particularly suitable on bridges or under similar 
conditions where strength and low weight are desired. Steel pipe cannot 
be easily made to resist high external pressure. Hence, a steel pipe should 
be placed under favorable conditions in which high external loads are not 
expected to fall on the pipe unless the pipe is corrugated or otherwise 
reinforced. Since buried steel pipe may deteriorate rapidly, it should be 
exposed and accessible to inspection and repair. 


Table 57.— Some Dimensions of Steel Pipe for IInderoroitni) Water Service 
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From “Standard Specifications American Watoi Works AHsociution.” See J^our A.W.W.A., April 
1943, p. 476. 

There are ei^ht or more thicknesses for each diameter between the greatest and the least thickness 
shown for each diameter in this table. 

The life of steel pipe under ordinary conditions is greatly dependent on 
the quality of the protective coating. Steel pipes have been found in 
good condition after 50 years, and they have depreciated materially in 
20 years. ^ 

*Hill, N. S., discussion, Proc., A.W.W.A.^ 1911, p. 227. 




280 


WATER SUPPLY ENGINEERING 


Joints in steel pipe^ are made by riveting or welding. The joints may 
be either transverse and longitudinal, or transverse and spiral. Spiral- 
welded steel pipe is availal)le in sizes from 6 to 3G in. in diameter and in 
lengths up to 40 ft. Couplings or joints of the Dresser type, illustrated in 
Fig. 145, and of the Victaulic type, shown in Figs. 145 and 150, depend on 
rubber rings or lips for watertightness; they provide flexibility not to be 

found in riveted or in welded 
joints. The couplings are pre¬ 
vented from working off the joint 
by a rib on the inside of the sleeve 
which goes between the ends of 
the pipes being connected. 
Joints for service connections for 
water consumers cannot be made 
by tapping, as they are in cast- 
iron pipe, unless the steel is 
in. or more in thickness. Pipe 
saddles, with the proper size hole 
tapped in them, may be clamped to the steel pipe, or a plate may be 
welded directly to the steel pipe and then drilled and tapped. Tees, 
crosses, ells, and other sp(‘cials made of welded steel, with flanged ends, 
are available for working pressures of 125 p.s.i. 

304. Design of Plate Steel Pipe. The ])late thickness t, of a steel 
j)ipe, recpiired to resist internal bursting piVssure is given by the formula 

wh(»re p = internal bursting pressure, p.s.i. 

R = radius, in. 

// = allowxible unit stress, p.s.i 
c = joint efficiency 

The joint efficiency is taken as the smaller of the two values, efficiency of 
plate and efficiency of rivets. The (‘fficienev of the plate is e — {r — d)/r 
and of the rivets e = {ns/rtfi) in which r is the pitch and d is the diameter 
of the rivets, s is the smaller of the two values, shearing or bearing 
value, of the rivet, t is the plate thickness, and n is the number of rivets in 
a lap joint or on either side of a double-strap butt joint. Welded pipe is 
ordinarily considered to have a joint efficiency of unity. 

Longitudinal stresses are not so important in buried pipes but are 
considered in uncovered pipes. In the latter case longitudinal forces may 

^ S<»e also, Barnard, R. E., ‘‘Fittings and Specials for Steel Pipe,**/owr. A,W, W.A., 
October, 1941, p. 1751. 
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occur due to (1) the inclination of the pipe from the horizontal, (2) 
changes in length due to temperature which tend to cause the pipe to 
develop frictional resistance at the supports, (3) the frictional resistance 
of expansion joints, and (4) pressures acting on reducers in the pipe line. 
The unit stresses or /< in the pipe shell may be determined by the 
formulas 

Compression, fc = — or tension, /, = (4) 

a ae ' 


where 2F = summation of longitudinal loads 
a = cross-sectional area of pipe shell 
e = efficiency of girth joints 

Stress intensities due to changes in temperature computed from formula 
(3) in Chap. X may also be considered. 

The design of plate-steel pipe to resist combined direct and fl('\ural 
stresses is a specialized problem, particularly for pipes having diameters 
greater than about 3 ft. The magnitude of the stresses is governed by the 
loads and conditions stated in 8ec. 186 and by the manner in which the 
pipe is supported and stiffened. Design methods may be lound in 
standard books and professional papers.^ 

The critical external pressure that will cause buckling in a pip(‘ without 
stiffening rings is given approximately by the formula^ 






where Per = external pressure per unit of length 
E = modulus of elasticity of the metal 
/ = moment ol inertia for a unit length) 

t — thickness of pipe 
d = diameter of pipe 

306. Wood Pipe.^ Wood-stave pipes are of two types: continuous 
stave, as illustrated in Fig. 151, and machine-banded, as illustrated in 

^ Report of Hydraulic Power Committee, National Electric Ei^lit Association, 
1923. Crkagkk, W. P., and J. Justin, ‘‘Hydroelectric Handbook,” Chap. XX, John 
Wiley & Sons, Inc., New York, 1927; Pktkr, Rier, Eng. News-Rf’cordy Vol. 99, p. 629, 
1927; ScHORER, H., ‘^Design of Large Pipe Lines,” Trans. A.S.C.E.^ Vol. 98, p. 
101, 1933. SciioKLiTSCH, A., “Hydraulic Structures,” trans. by Samuel Shulits, 
A.S.M.E., 1937. 

2 Univ. III. Expt. Sta.j Bull. 5, 1906. 

* Sec also Adams, A. L., “Stave Pipe—Its Economic Design and the Economy of 
Its Use,” Trans. A.S.C.E., Vol. 41, p. 25, 1899; Adams, A. L , “Additional Information 
on the Durability of Wooden Stave Pipe,” Trans. A.R.C.E., Vol. 58, p. 65, 1907; 
Ledoi^x, J. W., “('ast-iron and Wood-stave Pipe Economically Compared,” Eng. 
News-Recordj Vol. 85, p. 932, 1920; National Tank and Pipe Co., “Wood Pipe Hand¬ 
book,” 1938. 
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Fig. 152. They are made of any desired diameter, up to about 20 ft., 
and for internal pressures up to about 150 p.s.i., or even higher. Pine, 
fir, redwood, red cedar, and cypress are commonly used for making wood 
pipe. Among the advantages of the use of wood pipe may be included 



Cross Section Elevation 

Fi(». 151.--'Continuous wood-stave pipe. 

light weight, fairly long life under favorable conditions, high carrying 
capacity or value of C in Hazen and Williams formula, freedom from 
electrolysis or electryolylic current, and easy transportation when 
knocked down. It is not suitable for high external loads, or for conditions 
under wdiich the w^ood is alternately wet and dry. 

Continuous-stave pipe is usually 
manufactured in cradles at the point 
of installation. The staves are laid 
together in such a manner that the 
joints between the ends of the staves 
do not come at the same transverse 
section. The joints between the sides 
of the staves are planed radially. A copper or zinc plate is sometimes 
fitted between end joints to secure watertight ness, because of the slight 
longitudinal expansion of wood on swelling due to moisture. The staves 
are held in place by wire bands. The ends of the wires are held firmly 
in cast-iron sho(\s, such as are showm in Fig. 153, and the bands are 
drawm tightly by turning the nuts, also shown in the figure. Contin¬ 
uous-stave pipe which is fabricated at the site of installation can be made 
of one continuous length, and the flexibility of the w^ood is such that the 
pipe can be laid on curves with a minimum radius about fifty times 
the diameter of the pipe. 

Machine-banded pipes are usually made in the factory and are shipped 
to the site of installation. The staves are held together by spirally wound 
steel bands. The pipes are made in almost any length, up to 20 ft. 
Adjacent sections of pipes are joined by collars that are placed around 
the outside of the pipe or by means of recessed or tenon joints, as shown in 



Fio. 152.—Machiiio-))Hnded wood-stavo 

pipe. 











MATERIALS FOR AND THE DESIGN OF PIPES 


283 


Fig. 154. The latter are suitable only for low pressures. The collars 
may be made of wood staves, cast iron, or steel. Where collars are used, 
it is necessary to leave an unbanded space at the end of each pipe over 
which the collar fits. The collars, when made of wood, are usually 

Co/i/ ro/Iecf thi’ead 7"long u. 2 » ^ 

Malfzable cast iron ^ 



her 


6ection B'B 

. Vk”- - 


*L Section A*A 


Detail of Stave 

Plan 

Fig. 153. —Cast-iron shoe for holding; hands on wood-stave pipe. 

machine banded, and they should receive particular protection against 
rot, because they are not protected by the moisture in the pipe. 

The backfilling of wood-stave pipe should be done with great care, 
particular attention being taken to tamp the btickfill firmly under and 
around the pipe to the height of the horizontal diameter. Failure to do 





Fig. 164. —Joint for machine-banded 
wood-stave pipe. 


Fig. 155. —Typical cast-iron connection 
for wood-stave pipe. 


this results in high leakage or failure of the pipe, owing to the weight of 
the backfill over the top of the pipe. Dry sand constitutc's the best/ 
material for i)ackfill next to the pipe. It must, however, be restrained. 
Loam and rich soil should not be placed in close proximity to wood pipe. 
If the pipe is not placed in a trench, it is supported by cradles at suitable 
intervals. 

The pipe should be slowly filled with water to allow the staves to swell 
and close leaks before the full water pressure is placed in it. Large leaks 
might cause erosion of the backfill and endanger the safety of the pipe. 

Connections to wood pipe are made ])y special iron castings which are 
fastened to the wood pipe in a manner similar to that shown in Fig. 155. 
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306. Design of Wood Pipe. Wood-stave pipe is designed to resist 
internal bursting pressures. Flexural stresses are usually neglected in 
design, but their effects may cause failure of the pipe if proper measures to 
resist them are not provided for in construction and backfilling. Ade¬ 
quate tamping to the height of the horizontal diameter is essential for the 
safety of buried pipe. 

In designing a wooden pipe made up of staves held together by metal 
bands, two factors are to be considered in the design of the bands: their 
diameter and the spacing between them. As these factors are dependent 
upon each other, one must be fixed before the other can be determined. 
It is customary to fix the diameter first, so as to develop the full crushing 



Fig. 150.- -St-resHes in banclH on wood-stave pipe. 


strength of the wood. Under such circumstances, the diameter of the 
band is independent of the internal bursting pressure. The distribution 
of stn»8ses on a band around a wood-stave pipe is illustrated in Fig. 156. 
In this figure 

2S = (/) + 2t)ae (6) 


when* = total stress in band 

1) = internal diameter of pipe 
i = thickness of wood stave 

c = crushing strength of wood across grain (sometimes taken as 
about 650 p.s.i.) 

a = width of band in contact with wood 
R = internal radius of pipe 
r = radius of band 

ft == strength of steel in band in tension (sometimes taken between 
15,000 and 20,000 p.s.i.) 

It is common practice to assume that a = r per unit length of the band. 
Then 




(7) 


The full strength of each band is S = rr^ft, and this must equal the total 
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int6rna(l pressure l)etween the builds. The internal pressure per unit 
length of pipe is 

2pR + 2tW (8) 

where p = intensity of internal bursting pressure 

W = swelling strength of wood. This is often assumed to be 
about 100 p.s.i. 

Then if B represents the distance between bands, f.e., the pitch of the 
bands, 

B(2pR + 2tW) = 27rr2/, (9) 

Therefore 


B = 


TT-ft _ 

{pR + tW) 


( 10 ) 


It is possible to determine the diameter and spa(‘ing of steel bands on wood- 
stave pipe by the use of formulas (7) and (10). The maximum spacing 
between bands is dependent upon the strength of the slaves to resist 
bending and the allowable deflection. A spacing greater than 10 to 12 in. 
is unusual. The minimum limit of band spacing is fixed by the size of the 
band shoe and the possibility of turning up the nut. 

The assumption that, for circular bands, the width of the contact 
surface is equal to the radius of the band is approximate only. Actually, 
the smaller the band, the greater the relative area in contact.^ Circular 
or oval bands are preferable to flat bands, as the former expose relatively 
less surface to the atmosphere to be corroded, and the condition of the 
bands can be more easily inspected. In general, the wood outlasts the 
bands, particularly if both are constantly wet. 

307. Concrete Pipe. Concrete pipe is used f)n long conduits and 
acpieducts but is not commonly used in distribution systems. Among the 
advantages of concrete pipe may be included: 


1. Suitability to resist loads duo to baekhlling and due to eollapsinp; external 
pressures. 

2. Ijow eost of niainteiiaiiee. 

3. The weight tends to deereaae the liability of the pipe to float when empty. 

4. Transportation of eement and reinforeing steel is required only when local 
aggregates and water can be used in making the pipe. 

5. It is not subject to corrosion when buried in ordinary soil or when carrying 
normal, potable water. 

6. Expansion joints are not normally required. 

7. Specially skilled labor is not required for its construction. 

^ S<‘e also Henny, I). C., “Discussion of Wood Stave Pipe,” Trans. A.S.C.E.y 
Vol. 41, p. 71, 1899. 
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Among the disadvantages may be included; 

1. Tendency to leak aft a result of porosity and shrinkage cracks, 

2. Corrosion in presence of alkali or acid. 

3. Difficulty to repair. 

Concrete pipe may be poured in place, or it may be precast and 
shipped to the job. Because of better control of the concrete mix and 




1 u» IfjS- Tn pic'iil hollow-iniR t>pe of rpinff>rco(l-oonrreto pipe. 

tamping lacilitics affonlfnl in the casting yard, precast pipe can be made 
thinner than monolithic pipe cast in place. For diameters up to 5 or 6 ft. 
precast pipe is less expensive and is of better equality than pipe cast in 
place. Monolithic pipe is desirable for diameters greater than 60 in., 
although precast pipe of larger diameters have been used. A saving in 
form costs and a better distribution of the foundation reaction may be had 
by the use of a section similar to that shown in Fig. 157, instead of the 
hollow-ring type shown in Figs. 158 and 159. Tentative Emergency 
Specifications for Reinforced Concrete Pressure Pipe, Approved by the 
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Board of Direction, American Water Works Association, March, 1943,’ 
are intended for pipe to be used under normal conditions. They cover 
three types of concrete pipe, as shown in Table 58. 


Bell remforcemenf Pain! Hiese Triangular mesh reinf. fabric No. 066 
J two faces12.2Vap, /enghh 9.351 w- f. 13.10 /bs. 

VO ^ ■. o.j “.O' > > • . z> ‘.-r 






/ y i> 0 ^ o ^ '» 

Helicai^l Inside of pipe '^OPP^'' expansion strip 

wire winding 

HELICAL-WIRE REINFORCEMENT 
DETAILS OF STANDARD PRESSURE P'PE 
HEADS MORE THAN 100 FEET 






ABC 

Fit!. 159- Methodb for reiiiforciiiK ronrroto pipe. 

Water tight ness is olitained in loAv-pressiire concreU- pipe by providing 
sufficient thicknt'ss of good concrete and longitudinal rc'inforcf'inent equal 
to at least 0.25 per cent of the cross-sectional area of the concrete and 
by reducing allowable unit stress in the steel as tiie internal pressure 
increases. For large-diameter pipes a minimum wall thickness of 1 in. 
for each foot in diameter of pipe is a good rule to follow in design. Sur¬ 
face washes may be applied to the concrete, after it has set, to assure 
watertightness. 

Watertightness of high-pressure concrete pipe may be obtained by the 


^ See Jour. A.W.W A., April, 1943, r 50x 
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insertion of a thin steel cylinder in the pipe walls either with or without 
prestressed reinforcement.^ Lighter weight pipes may be used when the 
reinforcement is prestressed because the concrete is kept under com¬ 
pression at higher internal pressures than when not prestressed. ^ 

Table 58.—Wall Thickness for Keinforced-concrete Pressure Pipe* 


(The thirknossos give‘n are minimum expressed in inches) 


Diam. 

in. 

A 

Type 

B 

c 

Diam. 

in. 

A 

Type 

B 

C 

Diam. 

in. 

A 

Type 

B 

C 

20 




39 

4 

4 

3)i 

60 

51-2 

6 

5 

24 

SH 


24 

42 

4 

4M 

3-4 

66 

6 

61^ 

51^ 

27 



2-4 

46 

4^2 

4H 

X 

72 

61^ 

7 

6 

30 




48 

4*2 

5 

44 

78 

7 

7^ 


34 


S'i 

X 

51 

5 

5 

44 

84 

7^2 

8 


36 

3-^ 

4 

S’s 

54 

5 

5^2 

44 






• ApprovHcl March, 1943, by A.W.W A. Se«* Jour. A.W.W.A., Apiil, 1943, ]» ! 


Reinforcement may be placed in concrete pipe to enable it to with¬ 
stand the shocks of handling and of external pressure. For ordinary 
conditions, rcinf()rc(‘ment is placed in precast pipe, as experience has 
indicated will be satisfactory, no attempt being made to compute the 
indeterminate stresses that may be encountered after the pipe is in place. 
Methods for the reinforcing of concrete pipe are illustrated in Figs. 157, 
158, 159, and 100. Reinforcement, as shown in Fig. 159C, is most 
efficient if the pipe is placed in the position shown. If, however, the pipe' 
is turned 90 deg., the reinforceirK'iit is almost useless. In monolithic 
pipes of diameters over 00 in., elliptical hoops are usually used as rein¬ 
forcement except for the higher internal pressures. These should be 
placed as shown in Fig. 158. Welded hoops have an advantage in that 
they eliminate laps and thus effect a saving of steel and permit a closer 
spacing of hoops where necessary. A double layer of circular hoops is 
used as reinforcement for resisting stress due to high heads. 

Precast concrete is manufactured also under proprietary rights by 
various processes. Lock-joint pipe is a pipe that may be so manufactured 
either as precast or as cast-in-place pipe. This pipe receives its name 
from the type of joint used, details of which are shown in Fig. 159.^ 

^ See also Longley, F. F., ^^Prestressed Reinforced Concrete Pipe,^^ Jour. New 
Engl. Water Works Assoc., December, 1945, p. 335. 

* See also “Prestressed Concrete Pipe Details are Explained,” Water Works Eng., 
Mar. 20, 1946, p. 291. 

’Longley, F. F., “Manufacture and Construction of 48-in. Lock-joint Pipe 
Line,” Jour. New Engl, Water Works Assoc., Vol. 49, p. 212, 1926. 
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Concrete pipe is subject to corrosion^ when exposed to moist acid soils 
or to ground impregnated with magnesium or calcium sulphates. This 
corrosion is a result of bacterial activity, as explained in Sec. 339. ]\Iost 
failures due to corrosion are traceable to inferior materials or to poor 
workmanship. 

Since the coefficient of expansion of concrete is nearly the same as that 
of steel, similar allowance for expansion and contraction must be made in 
each kind of pipe. Usually, however, concrete pipe is buried so that 
wide changes of temperature are not experienced, and more commonly, 
expansion and contraction is taken up in the joints in the concrete pipe. 

308. Design of Reinforced-concrete Pipe. Reinforcing steel is 
placed in concrete water pipe to resist the tensile stresses due to bursting 
pressure and flexure. The concrete carries the compressive stresses in 
pipe subject to flexural stresses. When bursting pressure alone is 
considered, the area of steel per foot of pipe is computed by the formula 

^ X 12 (11) 

Jf 

where p = internal pressure, p.s.i. 
r = radius of pipe, in. 

// = allowable tensile stress, p.s.i. 

When flexural stresses are considered, the moments and tensions due 
to the loads causing bending are calculated for critical points by an 
elastic analysis or from known coefficients, siich as are given in Table I of 
Fig. 160. To the tension thus determined is added that due to internal 
pressure. The section is then designed by usual methods for reinforced 
concrete for the com])incd stress due to tension and bending. Distribu¬ 
tion of cracks that might cause leakage is controlled by the proper 
selection of bar sizes and allowable working stresses. Longitudinal rein¬ 
forcement is usuall}^ used to distribute cracks due to temperatun^ effects 
and contraction due to setting. The total area of longitudinal steel 
usually placed is li to 3 2 P^r cent of the cross-sectional area of the 
concrete in the pipe. 

309. Asbestos-cement Pipe. Asbestos-cement pipe is composed of 
asbestos fiber and portland cement combined under pressure into a dense 
homogeneous structure in which a strong bond is effected between the 
cement and the asbestos fiber. Among its advantages may be included 
high resistance to most corrosive conditions; freedom from electrolysis; 
light weight, being about 25 per cent lighter than standard pit-cast iron 
pipe; easily cut and fitted; easily handled; not easily broken in handling; 


See also “Corrosion of Cemc'nt and Concrete,” Surveyor, Mar. 2, 1945, p. 123. 




Fig. 160.—Method of designing monolithic concrete siphon barrels. 
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resistance to external loads properly applied; easily drilled and tapped for 
service connections; joints can be made without specially skilled labor; 
flexible joints; no expansion joints are needed; and the initially hip;h 
Hazen and William’s coefficient of 140 does not reduce materially with 
age. Among its disadvantages may be included relatively low structural 
resistance to flexural stresses that cause breakage when the pipe is moved 
or undermined under pressure; the pipe is easily punctured by excavating 
tools; the durability of rubber in the joints is um^ertain under all condi¬ 
tions, being attacked by gasoline and petroleum products; the material 






1 iCf H>1 —Simplex coupling for Traiisite pipe 


may be corroded by acids and by sulphates in the soil; and its dialcctric 
properties prevent the thamng of frozen pipes by electricity. 

Asbestos-cement pipe is manufactured under such proprietary names 
as Century, Eternite, Roxite, and Transit c.^ The last named is manu¬ 
factured in four different grades to withstand internal bursting pressures 
from 50 to 200 p.s.i.; in standard internal diameters from 2 to 30 in.; and 
in standard lengths of 5 and 10 ft. for 2 to 33^ in. diameters and 13 ft. for 
4 in. and larger diameters. All pipes are finished with plain ends, the 
exterior of the barrel being machined to receive the coupling illustrated in 
Fig. 161. No special skill is required in completing the connection, as 
the coupling is pushed over the rubber gasket, which rolls up on the pipe, 

^ Committee Report, Jour A W W A , May, 1937, p 607. Blakeley, G. W., 
‘‘Transite Pipe,^’ Jour. New Eugl Water Works Assoc., September, 1937, p. 317. 
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making a tight and flexible joint which can be completed either in a dry 
trench or under water. The pipe can be tapped and t hreaded for service 
connections in the same manner as iron pipe, and it can be cut to any 
desired length, shorter than standard, and at any angle, by means of a 



common wood saw and a miter box. Standard cast-iron specials may be 
connected to the pipe with sulphur-base * compounds or metallic lead 
310. Service-pipe Connections. A scMwice pipe is usually connected 
to the vater main in the strec't by a valve called a corporation cock, which 
should be threaded into a hole tapped into the \\at(u- main. I^ecause of 

movement that takes place between 
the water main and the service pipe, 
flexibility must be allowed at the 
junction This is obtained by the 
use of a “ gooseneck connection of 
flexible material. A typical instal¬ 
lation of a s(‘rvice pipe and of a 
gooseneck connection is showm in 
Figs. 102 and 103. The service pipe 
leads from the water main to a valve, sometimes called a “curb stop,’^ 
placed under the parking, law n, or other place accessible from the ground 
surface. The service then leads to a stop-and-w aste valve close to the 
foundation w^all inside the building. If a meter is installed, it may be 
placed close to and on the house side of the stop-and-w aste valve. 
Occasionally, meters are placed in vaults outside the building. 



1 lu 103- Lead Kooseueok {('ouittsy of 
Muilhr ) 
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Size^ of service pipes and meters should be selected to supply water at 
a satisfactory rate to e^^ery plumbing fixture in the building. Conditioas 
affecting these sizes include^ (1) pressure in the \^ater main, (2) length of 
service pipe, and (3) number and types of plumbing fixtures supplied 
In general, the flovi into a fixture im11 be adeciuate if the pressure on it is 
5 to 10 p.s i ^vith the faucet \\ide open C\immon mzcs of s(‘rvice pipes 
and meters m use for residences are and I in Larger sizes are 

used for heavier demands Some approximate figiiies lor head lc»sses in 
meters and sei vices are given in Table 59 

Table 59 — Vpproxim ur IIi ad Lossm throi (.n Mptjrs \m> Si rm( i s 
(Saint Paul Water I)<*partinont T^iiKinoorinj^ Division)^ 

I H(M(1 losses in pounds per square iiuh ])er UM) ft o1 seiM((‘ pii>e 
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311. Materials for Service Pipes.- The pipe leading fiom the dis- 
tiibuting main of the public watei supply to the plumbing system is 
kno^^n as the “seivice pipe” Mat(‘uals most commonly used tor 
sei vice pipes include 

1 CoppiT, either iron pipe si/e, or eojiper tuhiiiK 

2 l^ad, (itlur uiilined or lined with tin 

3 (lahaiiized iron, (uther uiihiied or lined with tin, had, or Portland eenient 

4 Brass 

^ See also Bt shw ay, W B , “Prartice of DetiTiniiiiiiK Sizes of Service Pipes and 
Meters,” Jour \ew Engl M^ater \\ ork*< A^soc , Deeeniher, 1914, p 317 

^ See also Chase, E S , “Applicability of Various Sctvk e Line Matc^rials,” Jour 
AWWA, August, 1939, p 1323 “Service Pipes,” Supenntc'ndeiits Question Box, 
Jour AWWAf Vol 18, p 380, 1927, Mt lller, O B , “ A Comparison of Service 
Pipe Materials,” Jour. A IP IP A , Vol 16, p 438, 1926 
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5. Cast iron, either unJined or lined with portlsnd cement. 

6 . Wrought iron. 

7. Plastic. 

Copper tubing is highly regarded because of its corrosion-resistant 
properties, its flexibility, the ease of its installation, and its relatively low 
resistance to flow. It can be attached to the main without the use of the 
conventional gooseneck, the flared end of the tubing being connected 
directly to the corporation cock without threading. The tubing can be 
pushed underground by first pushing a steel pipe and then pulling the 
copper tubing through the sU^el pipe. The steel pipe is withdrawn, leav¬ 
ing the copper tubing in place. ('opp)er is insufficiently soluble in potable 
water to present a hazard to health.' 

Lead possesses many of the advantages of copper tubing in that it is 
highly resistant to corrosion, is flexi})le, and has a liigh hydraulic coeffi¬ 
cient of flow. It is gciiierally consid(‘r(*d to })e unsuitable where high 
pressures may be (»n(!Ount(‘red, and the subtle physiological dangers from 
hiad poisoning have cn^ated some prejudice against its use. Lead pipes 
that conform to all a(;ceptal)le specifications sometimes fail,^ either 
because of **creep” or as a result of inter(‘rystalline cracking. The finer 
the grain of th(‘ lead, the gr(‘ater the tendency to creep; too coarse a grain 
is conducive to intenjrystalline (tracking. The ability to resist inter¬ 
crystalline cracking and, at the* same time, so(*iire coarse grains may be 
improved by alloying the l(‘ad with antimony, Insmuth, tin, cadmium, 
and certain other metals. 

(hilvanized iron or st(‘(*l jiipe, connected to the water main by a lead 
gooseneck, is probably th(‘ least (‘XfX'iisive material for a service pipe. As 
the material is not highly resistant to corrosion, it should lie used only in 
temporary installations or when* there will be no undue* exposure to 
corrosive conditions. 

C^ast iron, brass, and oth(*r metallic alloys may be used to resist 
corrosion or for other reasons, but all alloys will not resist all corrosive 
attacks; e.g., brass is unsuital)l(' in the presence of sea water. Cast iron 
is used only for services 2 in. in diameter or larger. 

312. Plastics. Plastics are, in general, synthetic resins of high 
molecular weight, j>olymerized from simple compounds by heat, pressure, 
and catalysis. Iflastics used in the manufacture of pipes and tubes belong 
principally to polyvinylidine chloride and ctdlulose acetate-butyrate 
types. The three plastics principally used for pipes and tubes are Saran, 
Tenite, and Plastitube. 

* See also Hale, F. K., “Relation of Chopper and Brass Pipe to Health,” Water 
Works Eng., Vol. 115, pp. 84, 139, 187, and 240, 1942. 

* Jones, H., “The Mechanical Properties of lA»ad Water Pipe,” Engineering, 
Mar. 18, 1938, p. 285. 
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Saran' is a flexible yellowsh translucent polyvinylidine chloride 
plastic. It melts at 310®F., will withstand water temperature up to 
ITO'T. continuously, is hydraulically smooth, heat conductivity is 
0.00022 times that of copper, coefficient of expansion is 0.000083, and its 
w'eight is about 125 lb. per cu. ft. Black Saran pipe is available in sizes 
from *2 fo ^ It withstand bursting pressures up to 1,5(M) p.s.i., 
depending on the diameter and thickness. Joints may be threaded as for 
metallic pipe, or they may be made by autogencous welding. 

Plastitube and riastiflex are plastic substances extruded from cellulose 
acetate butyrate. Plastitube is rigid and comes in 12-ft. lengths. 
Plastifiex is flexible and comes in CO-ft. coils in sizes from 2 in. out¬ 
side diameter. Tenite is a similar substance but is not well suited for 
pipe as it offers a fire hazard about ecpial to that of bulk newsprint. 

Advantages claimed for plastics, particularly for Saran, include 
freedom from corrosion; freedom from damage due to freezing and thaw¬ 
ing of w'atcr in closed pipe; acid resistant to solutions up to about 10 p('r 
cent concentration; light weight, about 11 per cent that of cast-iron pipe; 
easy to bend and to join; has adequate strength; unaflected by age, sun¬ 
light, or weather; resistant to shock; good electric insulator; rc'silient 
and flexible; and some may be transported in coils. Saran is not recom¬ 
mended for temperatures above 180®F. 

The record of experience with plastics is bri('f. 

* See also Daw'son, F. M , and .4. \ Kaunskf,, "Studa's Heluting to Use of 
Saran for \4 ater Pipes in Huildings and for Service Piiies,” Jour A H' IF A , .August, 
1943, p. 1058. 
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313. Valves. \’alv(*s are used in waterworks pracitice on pipes to 
control the flow of ^\at(‘r, to regulate pressure's, to release or admit air, 
and for other purposes. For each purpose some type of valve is best 
suited. Additional type's of valves are used in plumbing, in the genera¬ 
tion and control of ste'am, and for other purposes. 

- ; - Jjosses of head in valves and fittings can be computed 

fi’om the information in Table 00. 

314. Gate Valves, (late valve's are the type of 
valve most fre*(juently use*d in \\ ate*rworks. Tlu'y 
posse'ss the advantage e)ver most other types of valves, 

^ use'd for the same purpose', e)f combining relative'ly low 

j cost and ollering almost no resistance to the flow of 

I I I \Nate*r whe'U the' valve is w ide* ope'ii. Stanelard specifi¬ 

cations for gate valve's have be'C'ii adopte'ei by the^ 
* Ame'i'ican Water Works Association.^ 

(late valve's usenl in wate'r-distrilnition syste*ms 
are usually made' of cast uon with bi'ass mountings. 
'rhe*y ar-e usually of the solid-we'dge type', ilhistiate'd 
in Fig, Kit, e)r of the e^ouble-di^k type, illusti*ated in 
Figs. Kif) anel !()(». Valve's of this type' are'available' 
with tlue'ade'd, flange*, or bc'll-and-spigot ends. The 
valve's shown in the figures cannot be use'd with com- 
ple'te satisfaction on size's of i)i])e larger than about lb 
in. in diamete*r when the pr-e'ssure's ar'e* greater than 100 
p.s.i. iinU'ss a by-pa.ss is pr*ovided, as illusti’atc'd in Fig. 
U)7, to re'duee the ferre'e ne'eessai-y to open or clerse the 
valve, (late valve's of small size, Iniried undei-grounel, 
may be operate'd fr*om the siii’fae'e by the inser-tion e)f a “key’’ through a 
stop box with its erpe'iiing at the gremnel sui*face above the valve, as 
illustr-ate'el in Fig. lOS. Larger valve's place'd in unelerground valve 
cliambers may be opened or close'el through gearing, as illustrate'd in 
Fig. U)0. Where high water pre'ssure is ahvays available, whether or not 

' Staiidanl Sp<'(*ificatioiiij for (^ate* Valves for Ordinary WateT Works Sr'rvice, 
adopted Apr. 28, 1038, Jour, A.W.W,A., Vol. 31, 502, 1030. 

29() 


Fio. 164.- Hy- 
draulieally operatiMi 
Kate valve, {('our- 
tt»y of Crane Co.) 
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Table 60.—Heaij L<>.s.s ls Valve.s, FrniNds, a.nu Service 1’ii-ks 

( oinputrd from expressions 

f/ = A-^ or H = 

2g 

icre H — head loss, ft. 

\ = v(‘loeity, f.p.s., in a pipe wliose nominal di uneter is the same 
that of the valve or fittiii|r .shown in the table 
Q — flow, g.p.m., in a pipe whose diaim^tta' is d in inelu‘s 
K and k — constants shown in the table 


Valve, fitting, or pipe 


! 

K j Sour«-o 


I 


Gate j 

Open. 

''*4 open. 

}-2 open. 

*■4 open.. 

Globe valve, oi»en. 

Angle valve, oiien. 

y0-(ieg. ell. short ladiius. 

Medium iadiu.s. 

Long ra<liuH. 

Jietuin beml. 

LVdeg. ell. 

22'2-deg. ell (IS in.).' 

'Pee. 

Hediiec'i (V at small <*nd). 

In(*ieas<T = ().2.'> (Ti* — ra'-)/2g. 

llellmouth redueei . ' 

Shear gate, often (orifice) . . . . , 

Sluu-e gate in 12-in. wall, submerged ( 

I’aKsing braiK'hes or upeninga.I 


0. 10 
1 l.-> 


10 

.*» 

0 0 
0 7.‘> 


0 42 
0 i:i 
1 2.*) 

0 2.') 

0 10 

1 HO 

2 :i:> 
0.03 I 


Valv e, fitting, or pif>e 

(note 5) 


1 V iee fnfte;* 

^ »K-in. le.Hd . 0 (KKW.'V 

I '^-in. ead.0 (KKWO 

' l-m. h ail . 0 00030 

j -^-in. eopper .. 0 (KK)33 

I I-in. eoftpei. ](» 00034 

' 2 -in. gal. iron'. 0 0003(1 

^ ** 4 - 111 . gal. iiuie. 0 00030 

1-in. gal. iron’ .0 OOO.'b'i 

(’orpvu.ition I'ock.'-: 

1 ' 2 ->n. with tailpieei for h*ad. . . . 0 00127 

'i-in. with •*,-in. eoftfier adufiter’. . 0 fHM)77 

•'*i-m. with '*i-in. ' Ofifter adafiter- . 0 0023 

•*i-tn. with tailpiece for lead . . 0 (K)20 

1-in. with 1-in. «• >fi)>er iwiapt* r,. . 0 0020 

' ('urb stops: 

, '*i-rn., leail si'rviee.0 (K)2 

I •* |-rn.. eopj»er sr‘i v ier*. 0 0012 

I 1-in., lead M(>t vit*(‘. 0 001 

1-in., copper service.0 OOO.'iO 

Yolvi's; 

i ’'’s-m. rams horn (new). 0.003rr 

' *H-in. rams horn (old).0 01 .'ir* 

[ '*K-m. straight hue. 0 OOIOO 

' *'‘i-in. rams horn . 0.0020 

I Stop-and-vviiste valvc*s: 

'2 V , m. cotu|)tcssion valvr*. ... 0 0021 

I "V b m. com|»tcssion Valve. 0 0030 

•’*4 •* 4 -in. compression valve. . . . |0 0048 

1 X 1 in. r’ompression valve .... |0.013 


' Unir, tViK. }iul!. 2.'j2. 

2 f^ane C’o., Bull. 40.’i. 

* Univ. Terns, Bull. 2712. 

* Burns and McDonnell, Water Works and Beiretat/t, May, 1037, |i. lOfl. 
^ Values of k are taken from Jour. A.W.M'.A., May, 1032, p. (>31. 

* The head lo8.ses in servdee pipes are jier foot length of i>ipe. 

^ Presumably new jripe. 


the valve is open or closed, the ii.se of a hydraulif; cylinder is d(*siral)le, as 
illustrated in Figs. 104 and 238. 

In opening the valve in Fig. 105 the disk is rais(*d by a nut which 
climbs the stern as the latter is turned. This is known as the nonrising 
stem,” the threaded portion of the stem being protected within the bonnet 
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of the valve, as shown in the figure. It is the most common form used in 
valves placed underground. In the rising-stem valve, illustrated in 
Fig. 166, the hub of the valve wheel is threaded, and as it is turned the 
stem moves, carrying the disk with it. This type of valve is used where 
the valve is accessible for inspection and the threads can be easily 
lubricated. In quick-opening valves the disk is moved by means of a 
handle, like a pump handle, as illustrated in Fig. 170. It is suitable only 

for smaller sizes of pipe. Too quick 
opening of large valves may be undesir¬ 
able because of the excessive water- 
hammer pressures created. 

The area of opening of a gale valve, 
or the rate of flow through it, does not 



Doiihlo-disk, ruMiri.siiijjt- Fiu. 106.— llihinK-storn gate valve. {Courtesy 
htom KJito valvo. of ('rant Co.) 

vary directly as the ratio or percentage of opening of the valve. The 
late of discharge through the valve is affected by the velocity or rate of 
flow through it, by the length of the pipe on each side of the valve, by the 
loss of head through the valve, and possibly by other factors.^ The 
percentag(‘ of opening of a valve is gc»nerally considered to be one hundred 
times the ratio of the number of turns that the valve has been opened, to 
the total number of turns required to open the valve fully. 

* 81*0 also .\iTaijs, H. W., ‘The .\ction of Valves in Pipes,” Jour. .4.IP.TV..!., 
November. 11)38, p. 1858. 
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316. Globe Valves. Globe valves are used almost exclusively on 
pipes 4 in. in diameter, or smalk'i, mainly on plumbing pipes. T.hey are 

rarely used on w ater-distribution systems. 



They liave the advantage of being less 
e"\pensj\e lhan gate valves of the same 
size, and they are less costly to repair. A 
disadvantage is the relatively high loss 
of head through the tortuous passage 
piovid(‘d. A typical globe valve is illus¬ 
trated in Fig 171. A relatively inexpen¬ 
sive type ot globe valve, called an angle 


valve, is illustiated in Fig. 172. 


316. Check Valves. Gheek valves aie 


us(‘(l to peimit the f^ov^ ot VNater in one 
dll (‘(t ion only. The flow in the leveise 
diiedion is automatically stopped by the 
_ v«ihe Four types ot check valves aie 

illustiated m Fig 173. 

ria. 170.— Qmck-oponmK Kuto 317. Check-valve Slam. When a 

valvo. out titty of ( mnr ( o) 

cli(‘( k valve clos(*s siuldcailv^ as the lesult 
ot reversal of flow ol water in a pijx' the toice lending to slop the motion 



1 lu 171 So(tion thtouKh « In 17J \iiglt 

ulobo \jihe {( oiirtiny of Km- \ahe 

nedy 1 aln \ffy Co ) 


of the water is propoitional to the static head on the valve.^ Tliis 


^ See also Palmjr, H K , “The I Iiminatioii of Check \ al\e Slam,” Water TTorAs 
Sewerage^ June, 1042, p 1158 
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force produces an acceleration in a direction opposite to the normal direc 
tion of flow of water in the conduit. It can be shown that 


hAw = 


AwaL 


and that 




%\here h = static head at valve at in^'tant of n'versal of flow 
A = cross-sectional area of pipe 
w = unit weight of \\ater 
L — length of pipe 
g = acceleration due to gravity 


Hmgepm 

(Bronze/^ 


Nofe‘ These valves are sfratghiwa^ 

, ‘ having a direct passageway of 
/ the full area of the pipe 

Cap (Bronze) 


ei 
kg 
Tze) 



Disc (Bronze) 

SWING 


vertical 


Tict 17.^ T\ pos of choc k \.lives 


Check-valve slam is minimized by many devic(‘s, some of which 
provide air cushions, as sliown in Fig. 17 I, some m(‘chani(*al springs, and 
some a slow-closing device Theintensity ^ 

of pressure resulting, in pail, liom (lieslid- 
den closing of a check vah(‘is a function | i ' ; 

of tlic time of closing of the valve, the | I 

great(‘r the lime closing, tlie less the I j 

Two types of slow-closing check valves „ _r 

aie illustrated in Figs. 175 and 17ti. In 
Fig. 175, when water is flowing through ~— 
the valve, piston B is otf its seat. When 
the flow’ of water is reversed, some water 0 

flow^s upward through port P and presses Fio. 174.—('hvck valve with air 
• , n j .. J.I A A chamber to relieve Mlani. 

piston B dow n at the same time that water 

pressure is transmitted through port M into the annular channel around 
the edge of the piston, providing a Ijraki' and cushion effect on the 
de^cending piston. Plgure 170 shows a revolving-cone valve. It 
provides an unrestricted passage for the w’atcr when the valve is fully 
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1 lu 175 (’ht*ck valve closiKiied to close slowU, without slam of (Jolden- 

AnderHon Valvt ^yptcialty ( ompany ) 



I’ll! 175 RovolvtiifC'COiie \al\o Direction of floi^ in this view is either toward or 
aniay from tlie lender 1 rasing, J plug or tone ^ ro\er, 4, stem, 5 \oke, 5 lifter nut, 
7, lifter arm, K, link, 0, irosshend, 10, rotator arm, 11, guides, 12, roller {Courtesy of 
Chajmtan Vnlvi Mfy (o) 
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open. It is closed by water pressure in the mechanism shown in the 
figure. The mechanisnt can be set so that the rate of closing of the valve 
will prevent slam. 

The principle of the revolving-cone valve is used for iiuick-closing 
valves, for the control of the rate of flow, and in 
automatic devices. 

318. Air-relief Valves. A valve that will allow 
air to escape from or enter a pipe is called an aii- 
relief valve, or sometimes if air is to be admitt(‘d 
only, an air-inlet valve. An air-i*elief valve is 
shown in Fig. 177. If such a valve is placed at 
the summit of a pipe line in which water is flow ing 
under pressure greater than atmospheric, air (*ol- I'lo 177.—Sort ion 

Iccting in the valve will alknv the float to drop, air-ieiief 

thus opening a passage to the atmosphere for the 

escape of the confined air. If the pressure in tlu' pip(‘ is loweied and 
water escapes from the lower end, the float will drop and admif air to 
replace the escaping water and the creation of a vacuum will be prevented 



Fio. 178—Section throuKti a balanced valve. 


319. Balanced Valves. A section through a balanced valve is shown 
in Fig. 178. Since tlu* upward and downward pressures against the valve 
disks are balanced, only triction and the w^»ight of the parts must be 
moved in using the valve. The weight of the valve parts can be 
balanced also, so that little force is required to manipulate the valve. 
The principle of the balanced valve is used in many automatic devices 
and in other special-use valves. 
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320. Pressure-regulating Valves. Pressure-regulating valves are 
used to deliver water from a high- to a low-pressure system. Four types 
of pressure regulators are illustrated in Figs. 179 and 180. In Fig. 179(.4) 



Imu. 179. Sections through prossuro-rcKnlatinj? valvc" 



Kig. iso. l*icssiuc-ic<Uicin|u; valve. {pouiUsif of GoUhn-Anderson Valve Sptcially 

('ompany.) 

the desired low pressure is fixed l)y turning the nut at B, thus opening or 
elosing the balanced valve, a\ hich is supported on the flexible disk and the 
spring C. If the pressure below the valve tends to decrease beyond the 
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predetermined amount, the pressure in the chamber at .1 is increased, 
forcing the disk up and partly closing the valve. If the pressure below 
the regulator becomes too low, the pres.sure on the flexible disk is relieved, 
and the spring C opens the balanced valve in the regulator. It is to be 
noted that in most pressure-regulating valves if flow stops the pressure 
may slow ly build up on the low-pres-sure side of the valve. 



1 Ht. 181. Prcssurcvu'liof vaKo. SorouiiiK dfmn on slot*\(‘ 1 sots tin* viilvo for hiKhor 
pressures and st revving up sets it for lower pressures hen tlie jnessure rent hen the 
adiustnient of tlie ^al^e, w.rter passes throut'h the jmrt 1 and ads on diai)hraKni thus 
opening the jiilot \*iho This allows the water whith the initial pressure has forretl throURh 
the main val\e B to exhaust throuKh poits 1/ and thus reliovinR the excess jiressure and 
preventing the burst ihr or ruptuiinK of lines and damage to appliances {('otiritey of 
Goldi n^Afulfi son Valvi SpfcmUy (’ompany ) 


321. Pressure-relief Valves. One type of pressur(‘-relief valve is 
shown in Fig. 181. 

322. Altitude Valves. Altitude valves are used principally on the 
supply lines to elevated tanks or standpipes to close automatically when 
the tank is full and to open uhen the pressure on the pump side is less than 
that on the tank side of the valve. A section through such a valve is 
shown in Fig. 182. The valve shown is operati^d by the water pressure in 
the pipe line. Other valves are available that are operated by electric 
energj'^ transmitted to a solenoid. 




To tank or 
outlet side of 
valve 
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323. Needle Valves. Needle valves, such as those illustrated in 
Figs. 78 and 183, are used for the control of water info and from large 
reservoirs and in the fine adjustment of flow in mechanical devices. 




Fig. 1S3.—Neodle valvos. 


Their principal advantage is the close control of the flow when the valve is 
partly open, because a large movement of the oper.\tiiig mechanism is 
required to make an appreciable change in the flow 
through the valve, and it is difficult to close the valve 
so quickly as to cause surge or water hammer. 

324. Ground-key Valves. Ground-key valves, as 
illustrated in Fig. 184, are used only on small pipes, 
principally as corporation cocks on service pipes. 

They have the advantage of closing or opening to full 
flow in l)0-deg. turn of the handle. Multiple-port 
ground-key valves, as sho^^n in Fig. 185, are used to direct water from 
one channel to another without interrupting the flow of ANat(‘r through 

the valve. They are useful in filter-control 
devic(*s, zeolite water soft(*ners, (4c. 

325. Mud Valves. Mud valves of the 
type shown in Fig. 180 are \is(‘d for nmioving 
water and mud or sludge from the bottom of 
a r(\s(‘rvoir. 

326. Sluice Gates and Other Gates. 

Sluice gates are u.sed principally at the inlet or 
outl(»t pipes entering or l(‘aving res(»rvoirs, the 
pressure on the gate frequently ]>eing against 
one side and in one direction only. A GO-in. 
sluice gate with hydraulic cylinder lift is showm in Fig. 77. 

A shear gate, of the type shown in Fig. 187, is used for quickly starting 
or stopping the flow of Avater in pipes. They are not suitable for use on 
pipes larger than 15 to 18 in. in diameter. 



Fig. 185.—A four-way valve. 
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/ Acme ihreadSj /alhe cuf 


Renewable bronze bushing^ f Large siems of rolled bronze 

Bronze seai and disc rings 
Clear opening - Twice 
porl area 
No obsiruclions 
in porf 

Pos/Live dosing 
guides ' 

Ballseal 





I i<i. —Mud valvo, showing method of iustullution. {Couritsy of Rudmy Hunt Machini 

Co.) 



Fiu. 187.- Shear Rate. 


Fig. 188.— Tide gate. 
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A tide gate or flap valve, as illustrated in Fig. 188, is used on the out¬ 
let of a pipe to prevent backflow of water into a pipe. 

327. Butterfly Valves. A butterfly valve of the type shown in Fig. 
189 is used for control of the flow of water in a pipe. Such valves are 
usually unsuited to shutting off the flow of water completely as the mov¬ 
ing part seldom fits closely to the seat. 

328. Other Valves. Other types of valves used in waterworks include 
pump-control valves, surge-relief valves, and sleeve valves. Fe^w involve 
principles not used in the valves described. 

329. Operation of Valves. Valves may be opeii(»d manually; by 
hydraulic*, pneumatic, or other fluid 
pressure; or electrically. In manual 
operation the turning of a liand\\heel 
or lever ac'tuates the mechanism, as 
shown in Fig. 1()7. Tn valves con¬ 
trolled by hydraulic or other fluid 
pressure, the valve stem, passing 
through a packing ring, as sIioami in 
Fig. l()4, is joined to a piston in a 
closed cylinder. To raise the valve 
gate, fluid under pn*ssure is admitted 
to the cylinder below the piston. At 
the same time any fluid in the cylin¬ 
der above the piston is all(A\ed to 
(‘scape. The piston is thus lifted, 
and the valve is opened. \Vh(‘n the 
pressure* and r(*l(*ase are r('V(‘rsed, tlie 
valve closes. \’alves may be o])(*n(‘d or closc'd by solenoids and by 
electric motors gear(‘d to the valv(‘ m(*chanisin. 

330. Hydrants. Standard Sp(*cifications for Fire Hydrants for 
Ordinary Water Works Service w(*re adopt(*d by the American Water 
Works Association on Jan. 17, 1940,' including standards for ‘HJiarac*- 
teristics of the National Standard Fir(*-h()se Coupling Scr(*w Thread.” 
Specifications for the I niform Marking of Fire Hydrants were adopted by 
the American Water Works Association on June 7, 1937.^ Various types 
of hydrants are illustrated in Fig. 190. They are usually made of cast 
iron with bronze mountings for the vearing surfaces. It is frequently 
desirable that a gate valve be placed on the connection to the dis¬ 
tribution system, in addition to the main valve on the hydrant, as 
sho^v^l in Fig. 190r. In high-risk districts the hydrants should have a 

^ See Jour. A.W.W.A., August, 1940. 

** See Jour. A.W,W.A., April, 1937. 
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pumper connection, as shown in Fig. 191, as well as the customary 
hose connections. 

A drain for emptying the barrel of the hydrant when it is closed is 
essential in a cold climate to prevent the freezing of the hydrant. The 
drain should be connected to a storm sewer or other drainage channel or, 
where none is available, to a bed of crushed stone or other hard coarse 



Hose qates 


Fio. 100. Typos of fire li>draiit Tho parts of hvdraiit (h) aro as follows A, barrel; 
jB» bottom; (\ stem, I), follower or dome bolts, E, pa( kiiig-plate bolts, F, fiost ease, 6\ 
brouase wedge nut, //, bronze s)ee\e, 1, iiaekmg plate ./. pac king gland or follower, K, dome 
or eover, L, top nut, M, gate, A , bronze seat ring, () gate rubber !\ nozzle cap, Q, bronze 
nozzle; R, bronze s( rewed-erul drip pie<*e, *S. bronze drip washer, 7’, drip rubber, l\ bronze 
drip nut; V, bronze drip cup, IV, bronze drip bolt, A, bronze gate plate; F, bronze gate- 
plate nut; Z, flange bolts 


material tho volumo of whoso voids is moro than three times the volume of 
tho barrel of the hydnint. 

Tho flow through a hydrant should be as free and unrestricted as 
possible, specifications gononilly providing tlnit the loss of pressure shall 
not exceed 1.75 p.s.i. when discharging 250 g.p.m. through each hose 
outlet on a tw'o-way hydrant, 2.25 lb. on a three-way hydrant, and 3 lb. on 
a four-way hydrant, except when there are inside hose-gate valves, in 
w’hich case the loss must not exceed 2,75 Ib. for three-way and 3.5 lb. for 
four-way hydrants. No extra allow'ance is made Ix'cause of the steamer 
connection since it and tho hose connections will not be used at the same 
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time. The discharge from hydrants has been formulated as sho\vn on 
this page. 

Threads for hose connections for fire hydrants have been standardized, 
the standard adopted by the National Board of Fire Underwriters being 
1^2 threads per inch, 3^ kj in. in diameter. The use of't standard thread 
makes possible mutual fire protection by neighboring cities; but where 
nonstandard threads are used, special adapters should 
be available which will make possible connections with 
any desired thread. 

The National Board of Fire Underwriters recjuires 
t hat: 

. . . hydrants shall he able to deliver 600 g.p.ni. with a loss 
of not more than 2.0 p.s.i’. in the hydrant and a total loss of 
not more than 5 p.s.i. between the street main and the out¬ 
let; they shall not have less than 2.5-in. outlet-- and also a 
large suction connection where engine servdee is necessary. 

They shall be of such design that \»hen the hydrant band is 
broken off the hydrant will remain closed. Street connec¬ 
tions shall not be less than 6 in. in diameter and shall be 
gated. 

The size of a fire hydrant is designated in terms of tht‘ minimum 
opening of the seat ring of the main valve. It must b(» at h»ast 4 in. for 
two 2^2‘^n, nozzles, at least 5 in. for three 2* 2 -in. nozzles, and at least 
6 in. for four 2* 2 -in. nozzles. The rate of discharge from a hydrant can bf‘ 
approximated by the expression^ 

Q - 21d 'Y^ 

where Q — flow, g.p.ni. 

d = diameter of bydr-ant nozzle, in. 
p = gage reading, p.s.i. 

331. Meters. Met(*rs used on wat(‘r-distri]>ution systems are of both 
the displacement and the velocity types. Displacement met(M*s are used 
primarily for relatively low flows, such as those recpiiri'd by small and 
moderate consumers. A displacement m(*ter is one that m(*asures the 
quantity of flow by recording the numlx*r of times a contain(‘r of known 
volume is filled and emptied. A velocity meter m(‘asures the velocity of 
flow past a cross section of known area. Types of displacement meters in 
use include reciprocating, rotary, oscillating, and nutating-disk meters, 
depending on the motion of the moving pjirt in the measuring device. 
The nutating-disk meter, as illustrated in Fig. 192, is the type most 

^ See also Wilson, P S., “Hydrant Discharge Measurements.” Water dr Sewage 
Works. April, lUtO, p HOI 



Fio. 191.—Hy¬ 
drant wit h one 
stoniner eonnec- 
tion and two hose 
eon uec( ions. 
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commonly used on domestic services, almost to the exclusion of all other 
types. Turbine and \'enturi meters are illustrations of velocity meters. 

Nutating-disk meters may be severely damaged by passing hot water 
through the meter, as the disk is composed of a compound softened at 
high temperatures. To prevent the backflow of hot water from a plumb¬ 
ing system through the meter, devices are available combining a check 
and a safety valve or by-pass. Such devices must be of an approved type 



Fia. 192. Scotional vio>^ of mitiituiK-disk meter. {"Tropical" type, Pittsburgh Equitable 

Mttti f’o ) 

to prevent the inevitabh* explosion that would result from failure to 
relieve the higher pressures caused by the heating of the water and the 
generation of steam. Meters with moving parts are sometimes protected 
against clogging by some form of screen, usually called a fish screen. All 
meters should be self-cleausing to pri'vent the accumulation of grit and 
other detritus from clogging them and wearing the moving parts. ^Meters 
should be so constructed that in the event of freezing some inexpensive 
and easily replaceable part will break aiul relieve the strain on the other 
parts. Some meters are made partly of glass or fragile cast iron for this 
purpose. 
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Features to be considered in the selection of a meter include (1) 
accuracy of measurement and registration for both small and largo floAvs, 
(2) capacity with reasonable head Joss, (3) durability, (4) ruggedness, (5) 
precision of workmanship, (6) ease in repaii; (7j availability of spare 
parts, (8) reputation of the manufacturer, and (9) cost. Tentative 
Standard Specifications for Cold AVater Meters—Displacement Type 
were adopted by the New England Water Works Association on Mar. 15, 
1943. These specifications were adopted as standard by the American 
Water Works Association on ]\Iay 10, 1940.' The speciiications cover 
various types and classes of cold-water displacement meters for general 
waterworks service and cover materials and workmanship employed in 
their fabrication. Some features covered by the specifications are iis 
follow^s: 

H(*ad Ix)Hs: Meters 1 in. and smaller in diameter shall have head loss not exeeediiiK 
15 p.s.i., and larger meters not exeeeding 20 p.s.i. when tlu* rat(‘ of flow is that given in 
Table 01. 

Size: Expressed in terms of nominal size of opening in inl(‘t ami ontI(‘t sinids or 
flanges of the niet(‘r. 

Length: Over all from face to face of spuds or flanges. 

Frost Proteetion: Devices, sueli as east-iron bottom cajis, shall bn‘ak or yield 
under normal freezing conditions before meter is damaged 

Accuracy: Meters shall not register le.ss than 0K.5 per cent I'or mon* than 101.5 per 
cent of water passed tlirough the meter 

Pressure: Meters shall operate under pressures of 150 p.s.i. or l(‘ss 


Table 61 .—Sizes and OACAriTiEs of ('old-w atkh Meteks -Disim.^vcement Type' 


M(‘t(‘r 

.size, 

in 

Safe max. 
operating 
capacity, 
j g P 

1 

Max loss of 
h(*ad, j) s 1 

Min t(‘st 
flow, g p in 

1 Normal t(‘st 
* flow hinits, 
g p in 

H])(*ed of piston, 
n'volutions, or 

1 nutations, piT 
cu ft 

"•s 


1 

15 

'4 

1 

20 ‘ 

' 135 

■‘4 

30 

15 

'2 

2 

30 1 

250 

1 

50 

1 ir> 


3 

50 1 

115 

1'2 

100 

f 20 

1'2 

5 

100 1 

50 

2 

160 

1 20 

2 

S 

160 

30 

3 

‘ 300 

20 

4 

16 

300 

15 

4 

500 

20 1 

7 , 

2S 

500 

7 

6 

1,000 

20 

12 1 

IS 

1,0(K) 

3 


^ Fiom Standards Ainern’an Watc*i Woiks AhHorialJon. 


Tentative Standard Specifications for Cold WatcT Meters - Current 
Type, covering current, velocity, and turbine meters, art* published in 
Journal American Water ir<?rA:5 Association, April, 1940. Such meters 

* See Jour. A.W.W.A., December, 1941, and April, 1946. 
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are available in sizes from to 16 in., with capacities of 100 g.p.m. up to 
12,400 g.p.m., and a head loss of not more than 20 p.s.i. They are 
required to register within 3 per cent above or below accurate readings of 
the flow through the mqter. Venturi meters, not covered by these 
standards, are in use with throat diameters greater than 48 in. 

Tentative Standards Specifications for Cold Water Meters—Com¬ 
pound Type are published in Journal American Water Works Association, 
April, 1946. Such meters consist of a combination of a main meter of 
the current or displacement type and a small displacement meter, in 
conjunction with an automatic valve mechanism to direct the flow of 
water through the proper meter. Such meters vary from to 12 in. 
in diameter and will carry flows Ijetween 2 and 100 g.p.m. for the 
meter and between 32 and 3,100 g.p.m. for the 12-in. meter, with a head 
loss not to exceed 20 p.s.i. and a precision to register between 97 and 103 
per cent, except at the region of “change over” from one meter to another, 
when the registration may not be less than 85 per cent of actual flow. 

Tentative Standard Specifications for ('old-water Meters, Fire Service 
Type, are published in Journal American Water Works Association, 
February, 1947. 

332. Size of Water Meters. Sizt's of meters and of service pipes are 
closely related. Information on head losses in displacement meters is 
given in Sec. 331 and in Table 61. It is usually better to choose under¬ 
size rather than oversize* me'ters because in oversize meters, although the 
life may be long, the accuracy is lik(*ly to be; lower. 



CHAPTER XX 


METALLIC CORROSION 

THEORIES OF CORROSION 

333. Explanations. The effect of corrosion is so important in the 
selection of materials to be used in waterworks and in the maintenance of 
waterworks equipment that an understanding of its causes and of methods 
for its prevention should be possessed by the waterworks engineer. 
Hypotheses that have been advanced to explain corrosion are presented in 
the following sections. 

334. GalvaniCi or Bimetallic, Corrosion.^ A metal when immersed in 
water or in the solution of an electrolyte, such as corrosive water, tends to 
go into solution. Cations (atoms bearing a positive charge) of the metallic 
element tend to migrate through the solution and plate out on the surface 
of an electronegative metal. It is to be noted, however, that the solution 
must be elect roly tically neutral. Hence there must be the migration of 
anions (atoms bearing a negative charge) toward the anode. Canip^ 
explains a typical reaction as 

oxidation 

Metallic element cations + el(H*trons 

mluction 

Fe Fe'^^ + 2 electrons 

motul 

Fe + 2()H —^ Fe(()H )2 + 2 electrons 

He lists 207 metallic corrosion reactions, with their eh^ctrolytic potentials, 
and gives examples of computations of quantitative (‘omputation of 
the corrosiveness of water on iron. Where two dissimilar metals are 
immersed in the same electrolyte, there is an interchange of ions between 
them or with the electrolytic solution. The rate of corrosion is deter¬ 
mined, in part by the degree of electrical dissimilarity between the metals 
in the electrochemical series, as shown in Table 62, in part by the distance 
between the poles, and by other conditions. For example, higher 
temperatures speed corrosion reactions due to increased ionization; and 

^ See also Gleeson, G. W., Fundamentals of (\)rroMon,” Jour. A.IV.W.A., July, 
1941, p. 1249. 

* Camp, T. R., ‘^Corrosiveness of Wai€*r to Metals,’* Jour. New Engl. Water Worke 
Aeeoc , Vol. 60, pp. 188 and 282, 1946. 
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gases released from solution, diffusion and turbulence, and lowering of 
viscosity, all tend to enhance the migration of iron ions. The voltages 
shown in the table are those Avhic^h will exist only under the conditions 

Table 62.— Single IlLErTRODE Potential of Certain P^lementr 
(Showing potentials at 25°(l with respect to the* normal hydrogen elec- 

trod(\ Of two electrodes the higher one in the table forms the anode, and the lower 
the cathode. The electromotive^ force betwc*en the two is the difference between their 
resp<H*tive potemtials.) 


} 01 <Mn(‘nt 

Ion 

1 

Potential 

Element 

Ion 

Potential 

Potassium. 

K+ 

-2.9241 

Mercury. 

Hk 

II 


Calcium. 

Ca+^ 

-2.763 

Hydrogen. 

0.000 

Sodium. 

Na+ 

-2.7146 

Antimony. 

Sb 

+0.226 

Magnesium (18”).. . 

Mg-^‘ 

- 1.866 

Bismuth. 

Bi- - 

ZINC. 

Zn-^+ 

-0.7618 

Arsijnic. 

As 


Aluminum. 

A1 

coppp:u. 

Cu— 

+0.3441 

+0.522 

Manganese. 

Mil 


Copper. 

(\i~ 

Chromium. 

C/r++ 

-0.537 

Iodine. 

I- 

+0 5345 

IRON. 


-0.441 

Silver. 

Ag“ 

+0.797 

Cadmium. 


-0.4013 

Mercury.. . . 

iik 

+0.7986 

Cobalt. 

Co^^ 

-0.29 

Bromine. 

Hr- 

+1.0648 

Nickel. 

Ni“f ^ 

—0,231 

Chlorine. 

ci- 

+ 1.3583 
+ 1.36 

TIN. 

Sti++ 

-0.136 

Gold. 

Au 

LKAI). 

Pb+-" 

- 0.122 



TaBLK 63.- CaTHODIG f)VERVOLTAGE OF CERTAIN MeTALS IS XoRMAL SULPHURK 

A(’II) Son TION^ 



Hz in 


Hz in 

Metal 

H 2 SO 4 

Metal 

HjSO, 


solutions 


solutions 

Zinc. 

-0.75 

Silver. 

-0.29 

Tin. 

-0.19 

Iron... 

-0 27 

Lead. 

-0.42 

Aluminum 

-0 19 

Gold. 

' -0.36 

Nickel. 

-0.14 

Copper. 

-0.33 

Platinum.| 

- 0.12 






* Newbb:rrt, K., Mem. Pror. Manchemter Lit. Phi!. Soc. 01 (II, III), Mem. 9; Ckeni. Abstracts 12, p. 
2490; Ni'o alMo Taylor, H. S., ‘‘TuMitiMO cm I*h>Hiral Clionu«tij,” Vol. 2, pp. 814-819, D. Van Ncwtiaiid 
('otnpuny, Inc., New Yoik, 1921. 

shown. They may change widely if the conditions in the solution are 
changed. 

Jhmetallic galvanic action is not the explanation of all corrosion, nor 
will one of two dissimilar metals ])laced in the solution of an electroljde 
always corroile. The elTects will depend on the nature and concentration 
of the electrolyte in the solution; on the nature of the metals involved. 
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particularly if they are alloyed; on other factors, such as internal metallic 
strain, turbulence, temperature, and aeration; and on protective coatings 
formed by the metals involved. For example, the corrosion of rivet heads 
is an example of galvanic corrosion caused by an electric current set up 
between two portions of the same metal of which one part is not under 
stress and the other part is under stress. 

335. Hydrogenation. Water is an electrolyte, dissociating into IF 
and 011“ ions. The hydrogen ions, acting similarly to metallic anions, 
will migrate to and plate out on a metallic surface immersed in the water. 
The surface may become depolarized by the combination of the hydogen 
atoms vith dissolved oxygen to form vater. by their combination witli 
other hydrogen atoms to form hydrogen gas, or by tluMr com])ination with 
other substances in solution. In order to maintain electrical neutrality in 
the solution, ions of the metal must be discharged into the solution to 
neutralize the Oil” ions released by the dissociation of the water. 
This action causes corrosion of the metal. 

The film of hydrogen on the metallic surface forms a pioteidive 
coating that requires additional voltage in order that metallic iiins may 
bo discharged into solution. The additional voltage reipiired is known 
as “(Aervoltage.^’ It is a measurable quantity, varying in a(‘<*(>rdance 
with the conditions in the solution. Overvoltages of some metals under a 
standardized condition are show’n in Table ()3. 

336. Electrolysis. If two dissimilar metals an* immersed in an 
electrolytic solution and a direct electric current is jiassed through the cell 
thus formed, positively charged ions from the anode will trav(*l to the 
cathode, release their charge, and plate out on the cathode. The anode 
is corrodc'd. 

337. Chemical Reaction. If a metal is immers(*d in an acid, a 
chemical reaction occurs, releasing hydrogen gas and forming the* salt of 
the metal. 

338. Direct Oxidation. Metals in an atmosphere containing oxygen, 
particularly if the metals are luxated, will combine dir(‘ctly with oxygen 
in the atmosphere. A common example of this is the formation of 
‘'mill scale” or magnetite, Fe.j()i. During this type of corrosion, oxides 
of iron are formed that tend to spread on the metallic surface. The rust 
deposit on the metal tends to inhibit further corrosion from this cause. 

Oxygen is important in electrolytic corrosion because of its activity in 
depolarizing the cathode by removing hydrogen as it is formed th<‘re. 
Depolarization by oxygen permits continued corrosion by bimetallic or 
galvanic action. The vsame result is eiTected by agitation of w^ater in 
contact with the metal since depolarization is enhanced by removal of 
hydrogen from the cathode. 
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339. Biological Action. Bacteria that cause corrosion, particularly 
the corrosion of ferrous metals, include the sulphate-reducing bacteria, 
Vibrio desulfuricans or Microspora desulfuricans; iron-consuming bacteria, 
such as leptothrix, spirophyllum, crenothrix, and coccobacilli; and sulphur 
bacteria, thiobacilli. OsciUatoria^ a blue-green alga, has been suspected* 
of causing corrosion of iron by depolarizing the metal by removal of the 
natural protective coating of hydrogen. 

The sulphate-reducing bacteria^ operate in the absence of oxygen 
(anaerobically) to react with sulphates, and with organic compounds 
containing sulphur, in the soil to produce hydrogen sulphide, H 2 S. The 
bacteria do not attack the metal dire(;tly. The hydrogen sulphide 
combines with iron to form compounds of sulphur and iron, or it combines 
with water to form sulphurous or sulphuric acid which react with the 
metal, with the release of hydrogen, which is again used in the bacterial 
metabolism. Iron ions, Fe+, are precipitated by hydrogen sulphide as 
ferrous sulphide and as ferrous hydroxide, removing iron molecules from 
the metal. A result is the lowering of the solution pressure of iron 
together with removal of cathodic hydrogen which, if not removed, would 
have retarded corrosion. The prevention of bacterial corrosion by 
cathodic protection** is explained since the depolarization of the cathode 
is inhibited by the electric current. 

The hydrogen-ion concentration of the soil is an important factor in 
this action since the i)acterial destruction of proteins in the soils produces 
ammonia, a weak base, and the bactcriab destruction of carl)ohydrates 
produces weak acids. The result of such actions is to render the soil 
slightly basic or to increase the pll. For bacterial corrosion of this type 
to proceed, the pH of the surrounding soil must he between 0.2 and 7.8. 
Reducing actions take ])la(^e most elTectively under anaerol>ic conditions. 
Such conditions are commonly found in swampy or moist organic soils, 
not necessarily submerged in water. 

'I'hiobacilli cause corrosion by the oxidation of sulphur obtained from 
the ground or from joint compounds.^ These organisms produce 
sulphuric acid which attacks the metal. 

Iron-consuming bacteria remove iron that is in solution in the w ater, 

1 See also Myers, H. C\, “The Role of Algae in Corrosion," Jour. A.W.W.A.y 
April, 1947, p. 322. 

* See also Staryek, H. L., and K. M. Wrioht, “Anaorobir Corrosion of Iron in 
Soil," American Gas Association, 1945, abstracted in Jour. A.W.W.A., October, 1946, 
p. 1210. 

* See also IjOOan, H. H., Nat. Bur. Standards^ Circ. C450; and Eng. News-Record^ 
May 2 , 1947, p. 109. 

*See also Beckwith, T. P., “The Bacterial Corrosion of Iron and Steel," Jour. 
A.W.W.A., January, 1941, pp. 147 and 152. 



METALLIC CORROSION 


319 


depending on concentrations of soluble iron or iron compounds of 2 p.p.m., 
or greater, to support their activities. The consumed iron is deposited by 
the bacteria as ferric hydroxide, forming a sheath or tubercule, around a 
central core, which may contain a small percentage of sulphide of iron. 
The effect is known as “tuberculation.’’ It has been suggested that the 
corrosion of steel pipe may result also from the anaerobic reduction of 
nitrates.^ 

Unfortunately, bacterial corrosion is not self-limiting as some other 
causes of corrosion, and various means of inhibiting bacterial growth 
must be employed for prevention. These include treatment of the water 
to remove bacterial food, chlorination, and chloramination. 

340. Natural Protective Coatings and Tuberculation. Protective 
coatings are sometimes produced on corroding metals as a result of the 
reactions involved. Ferric oxide, or iron rust, is one of the most common 
forms of such (ioatings. Its removal apparently accelerates the rate of 
corrosion of the metal beneath it. 

Tuberculation, a common source of difficulty from corrosion, is a 
combination of corrosion and the formation of protective coating in 
localized spots. Tubercules are conclike and resemble barnacles. They 
are usually the result of bacterial action, growing in (‘.oncentric layers, 
with a central portion, usually black and soft, whi(*h contains sulphide of 
iron. The outer layers are of ferric oxide interspersed with a hard black 
layer of magnetic oxide. Favorable conditions for the growth of tuber¬ 
cules seem to include an excess of 2 p.p.m. of iron in solution and a fairly 
high velocity of flow to provide adequate food for bacterial activity. 

In the corrosion of ferrous metals by hydrogenation a secondary 
protective coaling of ()H“ ions is formed adja(*ent to the metallic 
surface as an accompaniment to the formation of II^ ions. The OH" 
ions may combine with substances in solution to form a protective 
alkaline coating effective in inhibiting further corrosion. If the pll 
value of the solution is low, the formation of this alkaline coating is 
inhibited. 

Conditions tending to remove protective coatings include high velocity 
of flow removing the coating by erosion, temperature changes, pll 
changes, changes in concentration of dissolved substances, and inability 
of metallic surface to adsorb a protective coating. 

341. Cavitation. The effects of cavitation are similar to those of 
corrosion but are due more to erosion. The sudden and alternate making 
and breaking of a high vacuum and the creation and condensation of 
water vapor cause a bombardment of the surrounding surfaces with 

^ See also Caldwell, D. H., and J. B. Ackerman, “Anaerobic Corrosion of Steel 
Pipe Due to Nitrate,” Jour. A.W.W.A.j January, 1946, p. 61. 
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particles of water and water vapor moving at a high velocity. Erosion, 
with the appearance of corrosion, is a result.^ 

342. Selective Corrosion of Alloys. In the selective corrosion of an 
alloy one metal dissolves out of the alloy more rapidly than the other. 
The so-called dezincification of brass is a common manifestation of this 
phenomenon. It is assumed that the brass dissolves as a whole, but the 
copper ion is redeposited, leaving the metal of low strength and composed 
of a spongy mass of copper. The phenomenon is limited to yellow, or 
high-zinc, brasses in contact with waters, particularly hot waters, carry¬ 
ing free mineral acids or acid-forming salts in the j)resence of oxygen. 

343. Grounding of Electric Circuits to Water Pipes.- 'J'he grounding 
of electric circuits and equipment on water pipes as a safely measure is 
permissible under various standard codes^ and, when done according to 
proper standards, has not caused damage to the pipes, to the quality of 
the water, to ])roperty, or to life. Among the restrictions to the practice 
are that only the secondary distribution circuits of alternating current 
may be grounded to water ])ipes. An electrical jumper should be 
coniKM’ted around th(» water meter. 

Among the objections that have been raised against the practice are 
that pi])es are corrod(»d by electrolysis, electrical shocks have been 
received by workmen, the water has bec^n given a taste or a color, and 
fires have been started. The American Il(‘search Committee on Oround- 
ing'* has found no ])roof that any of the above results have been caused by 
pro])erly installed grounds to water pipes. » 

METHODS OF RETARDING CORROSION 

344. Methods. Metallic ccirrosion may be retard(*d by (1) cathodic 
protcMtion, (2) care in manufacture* of the metal thremgh control of its 
purity and e’omposition, (3) aj)plie*ation of coatings or linings, (4) con¬ 
trol of the environment of the metal, and (o) trc*atment of the water. 
Methods for the tre»atment of wateT to retard corrosion are discussed in 
Secs. OoH and dot), 

346. Cathodic Protection. Clalvanic and electrolytic corrosion, 

' S(*c also Odkn’hal, Jour. Aju. Soc. Naval Kngr.'i., Vol. 50, No. 2, p. 231, 1038, 
ahstractoil in Jour. A ir.ir.t., Novcinlx'r, 1010, p. I0()4. 

2 Soc also Kni osKV, H. A., ‘‘C^athoclio Protection of the Mokohinuio Aepioduct,” 
Jour. A.lIMP./t., .laniiarv, 1038, p. 38. 

‘“Intoriin Report of Investigations, .Vnierican Uescarch C/oinniitlee on (Iround- 
ing,” Jour. A.IP.U’..!., .\pnl, 1044, p. 383: an<l Mkykrhkrm^ C. F., “Water Works 
Industry’s .Vttitiidi* on (Grounding of Stray (tirrents,” Jour. A.W.W.A., 1 )oc(*mber, 
1045, p. 1208. 

^ fhiJ. 
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hydrogenation, and to some extent bacterial corrosion of metals can he 
retarded by cathodic protection, ('athodic protection is accomplished by 
connecting the metal in an electric circuit to the negative pole of a d.-c. 
generator/ the positive pole being connected to anodes buried in the 
ground. The electric potential of the metal is thus reduced below that of 
the surroundings, and electric currents will, therefore, flow from the 
surroundings to the metal. A diagram of the ele(*trical connections for 
the cathodic protection of a steel pipe is shown in Fig. 193. 


nodes 

¥-- X 1 ^^ ¥ ' 


■fj Positive po/e 


of d-C 

—Negative po/e 

\ \ \\\ 

/ /././ /.. 


P/pe /me oict/ng cts cathode 
/ / / '/ \ \ \ \ 


Ki<i. llKi. Kloctcircuit lo? cnlhodic prot(Motion. 


The object in this nndliod of corrosion })r(‘V(‘ntion is to create an 
electric current that will prt'vent th(' discharge' and the migration of 
metallic ions from the* anode to the cathode, d'lu* orde'i* of magnitude 
of electric current for each sepiare foot ot iron suriac(*S“ range's Irom 1 to lo 
milliamperc's.^ The veiltages elepenel on the re'sistance e)t the' e-ircuit, but 
should be expecte'el tei range* be‘t^^e'e'n 1 ^ 2 30 A’e)lts.^ The* most elt'sir- 

able curre'iit eh'nsity is the* least that vill gi\e* [)i'e)te‘ction. It has be*e*n 
estimated that catheielic preite'edion e)l wate*r tanks is le'ss e'\j>e'nsive' than 
painting the interie)r, anel the tank eloe's neit have te) be* re*mo\'e*el irean 
servie*e.'^ 

C'orrejsiem inhibiteirs, involving the* adelitiein of e*e*rtain e*he‘mie*als te) 


1 Se*(* also Km dskn, op. ot 

2Se*calso Uhlk,, JI. H., “ Fundanicntal Kadorsof ('(Utomoii (Vmirol,” Pht tn Eng, 

News, I)(*ei. 10, 1010, p. 3151. 

•'See* also SeiiNKiDMi, W. H., “(orrosion of Steel and Its Mitigation,” ./our 
A.W.W.A., March, 1045, p. 245. 

^ See also O’lliiiKV, (1. L., “Tests on (’atliodic Method of Proi(*eiing Steel Wafer 
Tanks,” Water Works d* Snrerage, July, 1042, p. 285. 

M\xi(J1 IT, (k W., “(\>rrosion of Steel Water Storage Tanks and Pr(*vc*ntion by 
Cathodic System,” Jour. Penna. Water 41 orks Operators' Assoc., 1040, p. 152. 
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the water, are associated with cathodic protection^ in that the inhibitors 
form slightly soluble ions that affect the formation of metallic ions, thus 
inhibiting corrosion. Only manganese salts seem satisfactory, as salts of 
sodium, chromium, and zinc, whether or not the metal is also under 
cathodic protection, may result in the intensification of corrosion in 
localized areas, especially along the water line. 

346. Care in Manufacture. Since impurities in metal tend to create 
galvanic couples, resulting in corrosion, the homogenity of the metal will 
tend to minimize corrosion. Iron is made more homogeneous in manu- 
fac.ture by the process known as ^^spellerizing.’^ This consists in knead¬ 
ing the hot iron like dough between rough rolls to produce a more uniform 
material. Tlie purification of metals to remove cathodic elements of 
galvanic (jells'^ has successfully improved corrosion resistance. 

347. Alloys and Resistant Materials. Alloys of iron or steel with 
copper, nickel, or chromium are more resistant to corrosion than iron or 
steel alone. Kverdur metal is a lightweight corrosion-resistant alloy 
consist ing of copp(jr and silicon, with other metals. N'arious comi)ositions 
of th(' metal are used for tanks, gates, weirs, s(‘reens, bolts, tubing, and 
conduits. Special processes for the production of rustless metal are 
Hucc(»ssful, and pii)es and fittings of such materials are available. 

For conveying acids or other highly corrosive substances, cement- 
lined, glass-lined (vitreous), and rubl)er-lined ])i])e; tarred, extra-heavy, 
cast-iron pipe; cast iron enameled inside; vitrified tile; chemically pure 
lead; fiber; asbestos; and other materials are used with success. High- 
silica pipe is resistant to acids but is more susc(‘ptil)le to the action of 
alkali('s, particularly soda wastes. Pipes and fittings of high-.siliea iron 
and of the same styles and dimensions as standard cast-iron pi])es are 
manufactured. A fiber pipe is manufactured that is resistant to both 
a(*ids and alkalies, but it is structurally weak, and its use is confined to 
drain pipes under chemical laboratory sinks and similar locations. 

348. Coatings and Linings. Coatings and linings used for the protec¬ 
tion of iron and steel surfaces include tar or asphaltic mat(*rials, enamels, 
resins, laccjuers, zinc, or galvanizing, metallizing, plastics, and paints. 
Each has shown some su(*cess in retarding corrosion. 

349. Bituminous Coatings and Linings. Coal-tar enamel coatings are 
used extensively for the protection of steel pipe;*^ the Angus Smith coating, 

' S(‘o also Evans, U. U., “Soluble Inhibitors,” Imi. Eng. Chem.^ Vol. 37, p. 703, 
1945; and Thornhill, R. S., “Zinc, MaKiiesiuin, and C'hroinium Salts as Corrosion 
Inhibitors,” Ind. Eng. Chnn.^ Vol. 37, p. 700, 1945. 

* Sc'e also Uhi.io, op. cit. 

* Si‘e Tentative Specifications for Coal-tar Enamel Protective ('oatings for Steel 
Water Pipe, .four. .4.UMr.^., January, 1940. 
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introduced about 1866, is used for cast-iron pipe. The latter consists of a 
mixture of gas tar, Burgundy pitch, oil, and resin into which (he pipe is 
dipped while hot. About 1931, molten bituminous enamel was intro¬ 
duced. It is applied to the inside of the pipe while hot and the pipe is 
spinning around its longitudinal axis.^ The applicaHon of enamel coat¬ 
ings to the exterior of pipe is accomplished by various devices that pour 
enamel on the pipe and spread it, with a suitable drag, overlapping spiral 
paths being followed by the drag or drags along the revolving pipe. 
Most coated steel pipe is also wrapped, fretpiently with asbestos felt 
saturated with bitumen. It may be finished with a wrajiping of heavy 
jiaper. 

Asphaltic protective coatings^ have been tested for the Asphalt 
Institute, with the following conclusions: (1) a wide range of performance 
results from the wide diversity of materials used, rather than through 
basic deficiencies in asphalts, (2) asphalti(‘ coatings are less permeabh^ 
to oxidizing agents than to water, and (3) asphaltic enamels of standard 
(qualities are equal to other bituminous coatings in all respects and are 
superior to some. 

360. Resins and Lacquers. Resins and lacquers may be class(‘d as 
organic materials, in addition to bituminous materials, used for corrosion- 
resistant coatings and linings. Natural resins are obtained from th(‘ 
exudations of various plants. When applied to metals they are some¬ 
times called lacquers. Resins may be prepared synthetically to produce^ 
thermosetting and thermoplastic coatings for the protection of nuMallic 
surfaces against corrosion. The })rocedure in tludr api)lication involves 
cleaning the metallic surface and the application of the plastic r<*sin 
coating by brushing, dipping, or spraying. After the evaporation of tin* 
solvents used as a vehicle, the coating is baked under controlled condi¬ 
tions. When lacquers and paints are used in connection with cathodic 
protection, they should be alkali resistant because* of the alkali usually 
produced at the cathode. 

361. Paints. Paints for the protection of medal from ce)rrosie)n 
should he made of a metallic pignu*nt, usually zinc or le*ael, mixenl with an 
oil, usually linseed, wdiich will dry to form a thin venc‘er over the surface 
of the metal, the pores of the ve*ne*er being fill(*d with the metallic pig- 

^ See also BRo^so\, 1), and (J. B. MK'omb, “ Arcoptance and Tsc* of Ainorican 
Wat(*r Works Association, Standard Specifications for ( oal-tar lOnarncl Protcctivi* 
Coatings for Steel Water BiiJe,” Jour. A W A , May, U.M3, j) SI3; and (torr, L. 10 , 
“ Mechanical Application of Bituminous I*ipc Coatings and Linings,” Jour. A. WAV .A ., 
October, 1941, p. 1723. 

2 See also Benedict, A. IL, “Asphalt Protective (bating for Steel Water Pipe,” 
Eng. News-Recordy Feb. 26, 1942, p. 49. 
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merit. * Zinc is a particularly desirable pigment on account of its elec¬ 
trolytic relation to iron. 

Varnishes and lacquers form a japanned or enameled surface which 
may be allowed to dry cold or may he baked on. Such coatings are 
yileasing in appearance but are usually easily broken. 

Aluminum and gilt paints, particularly the former, may be successful 
as protective coatings, but they are relatively expensive. Their appear¬ 
ance is suffici(»ntly attractive to result in their fre(juent use for the 
exterior of exposed structures, such as towers and elevated tanks, the 
paint being sprayed, rather than brushed, on the metal. 

362. Vitreous Coatings. Vitreous coatings for metal are prepared by 
running molten silicate into cold water. The resulting material is ground 
in a pugmill with clay and water. Wlien worked to the required con¬ 
sistency, the metal is coated with it by dipping or l)rushing; when dried it 
is baked on to the metal. 

363. Zinc Coatings and Galvanizing. Galvanizing consists in 
applying a zinc coating to the metal. This can ])e doiu^ ))y cleaning 
(pickling) the metal in acid and then dipjiing it in molten zinc; or the 
metal can be electroplat('(l with zinc; or zinc (*an be a])plie(l by the 
sherardizing jirocess, in A\hich the hot iron is revolved in a drum contain¬ 
ing zinc dust. This proc(*ss produces th(‘ l)est results, since the threads on 
thnvided ]>ipe are still useful aftcT sherardizing, ^^hich is not always the 
case aft ('I* galvanizing ])y oIIut processes. 

As a result of tests by the U.S. Ihireau of Standards- it has Ixurn 
concludcxl that over a ]()-y(\'ir p(*riod tlie rates of loss of weight of galva¬ 
nized steel were from on(‘-half to one-fifth of the rate of bare steel. For 
long exposun^ a thick zinc coating h. .sui)erior to a thin one. A coaling of 
2.8 oz. per scp ft. of surface })r(‘vented serious corrosion for 10 years. 

364. Metallic Plating. 'Fin or h^ad plating or coating is applied in a 
manner similar to the hot-dij) ])rocess of galvanizing, except that the iron 
is passed through tlie rolls at tlu' same tiiiu' that it is in the bath of molten 
tin or lead. The use of lead may be unsatisfactory in a paint or coating, 
as sufficient l(‘ad may be dissolv<vl, particularly when in contact with 
corrosive waters, to be injurious to the health of the consumer. 

Nickel and copper plating are usually ap])lied electrolytically to the 
cleaned metal. Nickel, cot)])er, and tin coatings are sometimes used in 
the protection of iron; but because of their relatively low' electrode 
pressure, w^hen the coating is once broken, galvanic action is set up 

^ HwarI), G. G., ‘‘I’aiiit.s for Wjitor ^^orks,’^ Jout. Pt nna. Water IPorA'-s (>p< raUtrn' 
Vol. 8, p. 92, 1939 

' Loo AN and K\mn(5, Rvaearch Paper 982, 1937. 
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between them and the iron, resulting in more rapid corrosion of the iron 
than if it had not been coated. 

Copper-coated steel pipe forms an alloy of copper and steel. It is 
soft, ductile, and flexible, and it can be flared, soldered, brazed, or welded. 
It has an ultimate strength of internal bursting pressure of :),()()() to 25,(KK) 
p.s.i., depending on the wall thickness and the diameter of pipe. Sizes' 
to in. are available in 25-ft. coils, and to •"'s in. are available in 25-ft. 
lengths. 

365. Metallizing.^ Metallizing consists in spraying a coat of molten 
metal on any surface, metallic or otherwise, that will hold it. AMth can^- 
fiil surface preparation, proper seh'ction of metal, and care in ap])rK*ation, 
good surface protection may be obtained. The process consists essen¬ 
tially of passing a wire of the desired metal through a flame and dri\'ing 
the molten metal in a fine spray on to the prepared surface^ by an air blast. 
Any mtdal that can be obtained in wire form can be iis(»d. 'J'h(' bond is 
formed by minute particles of the metal penetrating into and holding in 
irregularities in the prei)ared surface which must not be smoothly 
])olished. 

Metallizing successfully protects against corrosion but, since the 
prot(‘ctive coating is only cast on the surface, it may be broken when the 
metal is strained in tension. The process is used a’'-o for i)uilding u]) 
surfaces worn away by friction. Metallized surface's an' particularly 
suited to lubricated b(‘aring surfaces as the porous s])rayed nu'tal holds 
the lubricant. 

366. Linings. Linings are materials that an' cause'd to adhere to the* 
inside of a pipe to ])rotect it against corrosion or to make' the* interior 
smoother. The two ])rinci])al materials us(‘d for linings are bituminous 
(‘iiamels and portlaiid cement. Bitumastic enamels are apiflic'd as 
described in S('C. 319. Such linings may provide and maintain a Ilazen 
and Williams coefficient as high as 140 to 155. 

367. Cement Lining.- Pipe's may be lined with cement in the' factory, 
in the field, or in place.® A relatively simple nu'thod suital)l(' for use in 
the fi('ld and reciuiring little eepiipment consists of standing a ])iec(' of 
])ipe on end over a movable mandrel. A sufficie'nt amount, ol (‘(‘iiK'iit, of 

1 S(*o also Stevkns, J. 8., “Applications of M(*talljziiij 5 in A\'at(*r Works Practice*," 
Jour. A.W.W.A.j January, lt)43, p. 53. 

2S('(' also Arnorican Standard Specifications for (Vincnt .Mortar Lining for Cast- 
iron Pipe and Fittings, A.S.A. A21.LP)3<), Jour. A.W.W.A., DeceinlsT, lU39;and 
“Tentative Standard A.W.W.A. Specifications for (Vincnt-inortar JVotective ( oating 
for Steel Water Pipes 30 in. and over 7A 7” Jour. A.IWW.A January, 1940. 

3 See also Haukness, B., “Cleaning and Cement Lining Existing Water Mains in 
Place*," Water irorA"6- A’ Sewerage^ March, 1938, p. 182. 
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the proper consistency, to line the pipe completely to the desired thickness 
is placed over the mandrel, which is then drawn through the pipe, spread¬ 
ing the mortar along the wall. In the centrifugal pro(;ess, which is suitable 
for pipes up to about 48 in. in diameter, the pipe to be lined is placed in a 
horizontal position and revolved at a peripheral speed of about 250 f.p.m. 
about its longitudinal axis. The cement is spread along the inside of the 
pipe by means of a long trough which moves in and out of the spinning 
pipe. After dumping the required amount of cement into the pipe, the 
trough is pressed down to act as a trowel in smoothing and packing the 
cement, and the peripheral speed of revolution of the pipe is increased to 
about OCX) f.p.m. The thickness of the lining is at least } « in. for pipes up 
to 12 in. in diameter and increases to }i in. for pipes 30 in. and larger. 
The centrifugal force, vibration, and rubbing of the trough produce a 
smooth, dense lining which adheres firmly to the inside wall of the pipe 
and provides a Hazen and Williams coefficient of 140 to 145.^ 

Large-size pipes are lined with cement by the use of molds; fittings of 
all sizes are lined by hand; and pipes in place are lined by drawing a 
mandrel through them, pushing ahead of it sufficient cement mortar to 
provide the necessary thickness of lining. 

The mortar most commonly used consists of one part of Portland 
cement, one part sand, and sufficient water to make a workable paste. 
Hydraulic cements, which include Portland cement, tend to lose lime 
slowly when exposed to wat(*r, the lime being replaced by ferric hydroxide 
under proper conditions. This exchange fias no detrimental effect on the 
(‘ement lining and does not affect its ability to protect the pipe from 
corrosion. 

Pipes are lined in i)lace2 after they have been carefully cleaned and 
prepared for the proc(‘ss. A mortar composed of one part cement and 
two parts sand, with sufficient water to give adecpiate slump for the 
conditions, is introduced into the pipe to be lined. A plunger is then 
])ulled back and forth through the pipe until all the lining has been placed. 
Linings so placed in the field have resisted corrosion and have increased 
the Hazen and Williams coefficient C from about OO to about 122 to 13().'* 
Pipes up to 10 in. in diameter have been lined in place. 

^ (JiHsoN, J. K., “Experience with CVinent-lined ( ast-irnri IMpe/’ Jour, A. W. W.A.y 
Vol. 10, p. 427, 1926; and C^arson, H. V., “Developments in Cast Iron l*ip(‘,’' Jour, 
A.WAV.A., Vol. 18, p. 721, 1927. 

* See also (Iibson, J. K., “Lining Cast-iron Mains in Position with Ceni(‘nl Mor¬ 
tar,” Jour. d.UMV.d., May, 1940, p. 819. 

* See also Hhodf.s, F. A., “San Dit*go\s Experience in Cement Lining of Cast-iron 
Pipe ill Place,” Jour, d.HMP.A., January, 1944, p. 64. 
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DISTRIBUTING RESERVOIRS 

368. Purposes of Reservoirs. Reservoirs are used to store \vat(‘r, to 
equalize flows, to distribute or equalize piessures, and to impound water. 
A reservoir on the distribution system vill equalize rates of flow, will 
equalize pressures, and will store water for emerseneies, such as fires. 
Such reservoirs, called distribution reservoirs, are used to adjust a variable 
rate of demand to a rate of supply that is not equal to the rate of 
demand. It is possible, by the use of such reservoirs, to reduce 
the size of pumps and pipes necessary to supply the district ser\'e(i by the 
reservoir, since the peak rates of demand on the pump are diminished by 
the reservoir. Ilowson^ has shown appreciable saving’s in costs of dis¬ 
tribution systems through the installation of elevated storage tank^. 

In the design of reservoirs the Tentative Manual o^* Saf(^ Pra(*lice in 
Water Distribution- should be consulted. 

369. Classification. Reservoirs on the distribution syst(‘m may b(» 
classified according to their position as surface or elevated, or according to 
the material of which tliey are built, such as ste(*l, reiniorc(‘d concrete, 
wood, and earth. The surface tyj)e has little or no elevation above th(‘ 
ground and usually consists of a tank made of reinfonaMl concr(‘t(‘ or a 
combination of reinforced concret»e and earth embankments. 1 he 
elevated type is built entirely above the ground siirlace and may be 
further classified into two general types as standpipes and el(*vat(‘d tanks. 

360. Capacity. •'* The requiiaHl capacity of res(‘rve or (anergency 
storage for purposes other than fire requirements is determiiH‘d by judg¬ 
ment and experience after a consideration of the nature, probability, and 
frequency of occurrence of the hazards. Reserve^ storage for fir(‘ protec¬ 
tion should be sufficient so that the required fire demand (Secs. 51 and 
53) may be maintained for a period of 2 hr. m small communities u]) to 10 
or 12 hr. in the largest communities. When the res(‘rve storage is el(‘- 

1 How SON, L. R., “The Distribution System,'' Water Works & Sewerage, .liine, 
1943, pp. H-79 and H-81. 

2 Published in Jour. A.W.W.A., June, 1942, p. 017. 

3 See also Kknnedy, H. C., “The (’apacity Requirements and D(‘HiKn of Distri¬ 
bution Reservoirs," Jour. A.W.W.A., November, ItltO, p. 1S19, and Maxw ki.l, 1). H , 
“Planning Capacity for Elevated Storage Tanks," Jour, A.W.H .A., July, 1947, 
p. 644. 
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vated, the amount of fire reserve in gallons may he determined by multi¬ 
plying the difference between the fire demand F and the reserve fire 
pumping capacity P by the duration of the fire T, 

Reserve storage (gal.) = [F (g.p.m.) — P (g.p.m.)] T (min.) 


In some systems it may be more economi^'al to provide elevated storage 
for equalizing purposes only, fire reserve being stored in a surface reser- 



Fio. 194. Gniphicul dctonninatioii of equaliziiiK ro^^orvoir capiirity. 


voir. Under sueli a system the water in th(‘ re.s(»rv(‘ storage^ reservoir 
must be pumped into the distribution system during the emergency, such 
as a fire. The amount of the reserve storage is the product of the assumed 
fire duration and rate of fire demand for water. The reserve storage 
must ahva 3 \s be kept available for immediati' use, no part of the capacity 
provided for it being used for any other ])urpose. 

361. Storage to Equalize flow, fkpializing storage is provided so 
that a relatively constant rate of supply can provide for a fluctuating rate 
of demand. The equalizing tank, or reseiwoir, is connected by a single 
pipe to the distribution system. When the rate of supply exceeds 
demand, water flow's into the tank. When demand exceeds supply, 
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water flows through the same pipe from the tank. The tank is said to he 
‘‘floating on the line.’' The relation between rate of supply, rate of 
demand, and tank capacity is based on a study of the servi(*e rec|uired and 
the costs involved. 

The procedure in the determination of the capacity of an equalizing 
reservoir floating on the line can be shown with the aid of an example. 
Let the hydrograph of demand of a district bo shown by line A in Fig. 194, 
the abscissas of which are time and the ordinates, shown to the left, arc 
late of flow in thousands of gallons per min. Construct a mass diagram 
of the rate of demand, as shown by line B. Its abscissas are time and its 
ordinates, shown on the right, are total flow. Join the ends of line B by a 
straight line, marked C in the figure. This line re])resents the mass dia¬ 
gram of pumping into the reservoir, and its slope represents the rate of 
pumping. Draw two lines parallel to line C and tangent to line B at. 
points 1 and 2, respectively. The vertical distance a, i)etueen thcM' two 
lines, measured on the right-hand scale, is the recpiired caj).acit,\ of th(* 
equalizing reservoir. In the e\am])le shown it is al)out 1.2 million gal. 

Much concerning the operation of the reservoir can be determined 
from a study of the figure. For example, the rc^servoir is 

1. Full at point 1. 

2. Empty at iioint 2. 

3. Filling when slope of line C exceeds slope of Jin(‘ B. 

4. Emptying when slojie of line li exceeds slope* of liiu* (\ 

5. Tlie rate of flow from or into the reservoir at an\ time is n'prcsc'iife'd !)y the 
differenee between the slopes of lines B and C at that time. 

If it is desired to install an equalizing reservoir tliat w ill p(‘rmit pump¬ 
ing at a constant rat(', during the hours of greatest rate* of demand, and so 
that the* total recpiirements for the day will be jHimped during this period, 
the reepiisite capacity of the reservoir and the rate of pumi)ing can be 
determined as follows: 

1. Assume the liours of pumping to be from 6 a.ai. to 6 e.M. 

2. Draw a straight line, such as line />, from fl a.w. and zero total flow, to 0 i*.m. 
with the total flow' for the day. 

3. The slope of the line just drawn repn*aents the rc(juisite rat<‘ of jaimping. In 
this case it is 18 m.g.d. 

4. Draw' line E, parallel to line D, and intersecting line B at 0 a.m. Th«‘ vertical 
distance between the int(*rseclion of line E with the ordmati* at (> e.M., to line B, r(*pre- 
sents the capacity of the reservoir on the right-hand scah*. In this cas(* it is about 
3.3 million gal. 

Another method of determining the requisite capacity of an equalizing 
reservoir for the hydrograph of demand shown in F^ig. 194 is to draw a 
straight horizontal line representing the average rate of pumping neces- 
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sary to supply the demand indicated by the hydrograph. This is line 
MN in Fig. 194. Area OMNP is equal to the area under the hydrograph, 
ORSP. The 8had(*d area above line MN and below the hydrograph, area 
JKLj converted to units of volume, represents the required capacity of 

the equalizing reservoir. In this case 
it is 1.2 million gal. 

Pumping at various rates in order 
to follow the demand curve must be 
studied for economy. Unless the de¬ 
mand curv^e is followed exactly, stor¬ 
age is required on the distribution 
system. Alternative operating sched¬ 
ules to be considered may include the 
following: 

1. Installation of tho storage and pump¬ 
ing capac'ity roquir(‘(l with the pumps oper¬ 
ating at a constant rat(‘ on the maximum day 
and at a r<‘due(‘d rate the remainder of the 

tlllH* 

2 Installation of the storage capacity 
recjuired for an av(‘rage day, in which case 
the installed pumping capacity must be 
greater than for combination 1, since on the 
maximum day the pumps would have to be 
operated at a reduc(‘d rate or rates for a 
part of th<‘ time on account of the rc'duced 
storagi capacity and at an accelerat(‘d rate 
or rates for the remaindcT of the maximum 
vlay t(> mamtain the demand. 

3. .\ny otluT combinations of storage and 
pumping ca])acities that will satisfy the 
demand curv('. 

362. Location. Distributing 
reservoirs should be located centrally 
in, or at least as close as i)ossibIe to, the district that they serve. They 
should also have suIHcient elevation to maintain adecpiate i)ressure. 
"Die reason for a central location is to reduce friction losses in the dis¬ 
tributing pipes by reducing the distance traveled by the water. The 
advantages afforded by natural elevations sliould be investigated. 

The location of a distributing reservoir has a marked effect on the 
fluctuations in pressure in portions of a distribution system. This 
is indicated by the hydraulic grade lines shown in Fig. 195.^ Care 

^ See also '‘Klevated Storage,” Wutvr WorH Eng., Oct. 23, and Nov. 6 and 20, 
1940, pp. 1361, 1421, and 1473. 
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should be taken to locate the reservoir to obtain the most constant 
pressure. 

Two or more reservoirs at different elevations may sometimes be 
connected to the same distribution system. The design and operation of 
the system under such conditions require special care. 

363. T 3 rpes. The walls of surface reservoirs are built of e^irth 
embankments, lined or unlined, and of masonry or reinforced concrete. 
The reservoirs may be open or covered. Open-earth reservoirs are the 
least expensive for large capacities, but they have the disadvantage of 
being subject to leakage. The selection of type, therefore, is usually 
dependent upon available funds, the value of the water stored, and subsoil 
conditions. 

A surface reservoir, formed by building a dam across a valley, may be 
classed as a distributing reservoir—if its i)urpose is primarily to (“ire for 
fluctuations in })ressure and demand rather than to act as a caichiiKmt 
basin in which to store the water prc'cipitated on the drainage^ an‘a. The 
Eden Park Reservoir, forming a part of the distribution system of 
Cincinnati, Ohio, is an example. 

The wall or walls of such a res('rvoir usually are dams, a discussion of 
which may be found in (’hap. VTT. 

364. Depth. The depth of a reservoir necc'ssary lo give llu' d(‘sir(*d 
capacity is influcuua'd by the following considerations: 

1 . Tomponitlire as it nuo" affect the p(>t{i])ility of the wafer, tlie growth of orf^aii- 
isms, or the formation of ice. 

2. Th<‘ cost of land area. 

3. The cost of walls. 

4. The character of material to be excavated. 

Shallow water is more subject to temperature effects than dt'ep water. 
The eff('ct, on shallow water, of high summer t(unperatures may be the 
imparting of taste or odor to the water, due to tin* (‘ncouragenumt of 
objectionable growths, liow v inter tfmiperat ures may indu(‘(‘ a r(*lat ively 
high reducti(jn of capacity, due to the formation of ice. On the oth(*r 
hand, rock excavation may be reciuired in ordt^r to securt' the nec(\ssary 
depth. The cost of embankments and of masonry walls incr(‘as(\s rapidly 
with increasing heights. This disadvantage may be offsed l)y a high cost 
per square foot of land. For reservoirs having a capacity less than i5,(KK),- 
000 gal., depths ranging from 12 to 18 ft. Avill ordinarily be ec(momical. 

366. Foundations. In reservoirs founded on clay, or other yielding 
material, the distribution of pressure over the foundation must be made 
uniform. This may be done by spreading the wall and column footings, 
as shown in Figs. 196 and 197. Rc^ck, well-driven piles, and confined 
sand make satisfactory foundations requiring no special precautions in 
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design or construction. C'hemical soil solidification is reported^ to have 
been used successfully in the preparation of foundations. 


EARTH RESERVOIRS 

366. Walls. Except in locations where the topography of the site is 
particularly advantageous, the walls of earthen reservoirs are formed by 



S/c/e s/aif on fiU 

Fid. 190. LiriitiK details, Stanford Heights Ueservoir, San rrunrisoo, Calif. {From Jour, 

A W.W .A,, Vol 15, p. 119.) 



T-Wall L-Wc3i11 

Kki. 197.—Types of eatitilever retiiiiunK walls. 


excavating to the retpiired depth below the ground surface and using the 
excavated material for the building of embankments to the nec(\ssary 
height above the ground surface. Th(* top width of the embankment 
should be at least ont'-fourth of the maximum total lieight, with a mini¬ 
mum width of 4 ft. (beater widths are ordinarily used. The angle of 
repose of the material (when saturated) will govern the maximum steep¬ 
ness of side slopes. Slopes steeper than 1 ‘ 2 horizontal to 1 vertical should 
not ordinarily be used. The embankments of earthen reservoirs are 

* 800 Hiedel, C. M., “(^ht niiral Soil Solidification and Chemical Sealing of Ijcak- 
ing Concrete,” Jour, .4.UMr..4., September, 1945, p. 849. 
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essentially earth dams, and the same general considerations apply to their 
design and construction. Because, however, of the usual proximity of 
distributing reservoirs to populous districts and on account of the high 
value of water at that location, special care should be exercised in design 
and construction, in order to avoid loss of water and t o assure the safety of 
life and property. 

Suitable materials properly placed and compacted will result in an 
impermeable embankment, without resort to other means. Sand or 
gravel, containing sufficient clay to fill the voids, is an ideal material for 
embankments. Thorough compacting of the material is best obtained 
by sprinkling and rolling. Compacting to a lesser degree is secured by 
the use of trucks or of teams and wheeled scrapers or of slips for placing 
the materials. 

An effective joint between the natural ground surface and the embank¬ 
ment may be secun'd by the removal of all perishable matter, sanrl etc., 
from the original surface and below it to dc'pth.s to which rooN or per¬ 
meable materials may extend. If rock is encountered in the foundation, a 
(‘oiicrete cutoff wall is necessary. The wall should extend 12 to 24 in. into 
the rock and at least 24 in. into the fill. 

367. Core Walls. In the absence of suitable materials it becomc's 
necessary to resort to core walls to secure impermeability. Core walls 
used for reservoir embankment are essentially the same as those used in 
earth dams (Sec. 1 H)). 

368. Clay Blankets. When the substrata under a reservoir are 
pervious, it may be necessary to line the floor and sides w ith a layer of 
impervious material. A layer of clay, usually called a blankc't, 0 in. to 
2 ft. thick, sprinkled and rolled, may be us(‘d. In ord(*r to avoid the 
difficulty of rolling on the side slopes, the blanket may be made to connect 
with the core wall, if one is used. 

369. Protection of Outlet Pipes. Cutoff collars or wide flanges of 
ample dimensions will serve to minimize the seepage* along the outside 
surface of outlet pipes or conduits. The diiTH*nsions and si)acing of the 
collars depend upon the amount of head on the* percolating water and 
upon the mat(‘rial. The pipe or conduit must be sufficiently strong to 
carry the weight of the filling upon it with safety. Danger of the failure 
of outlet pipes, due to settlement, is minimized by supporting them on 
undisturbed earth. 

370. Linings. Concrete is the principal material used for reservoir 
linings. Brick, asphalt, oiled-earth fill lined with concrete,^ and rubble 
masonry are also used. To assure watertightness, bentonite clay has 

^See also Blackbcrn, D. A., ‘T'onstnietion of Earth Reservoir Embankments 
with Road Oil Linings,^’ Jour. A.W.W.A.^ May, 1941, p. 876. 
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been incorporated with the embankment and to stop leaks, it has been 
applied after the reservoir has been in use.^ The concrete of the floor is 
laid in blocks about 6 ft. square. The sides may be cast in blocks or in 
strips about 0 ft. wide, extending the entire height of the side slopes. The 
joints between the blocks or strips may be filled with a bituminous 
preparation or wooden strips, in order to increase watertightness. Tar 
paper is also used to separate the blocks. Construction joints are ordi¬ 
narily used to reduce cracking due to shrinkage, temperature changes, or 
uneciual settlement. The thickness of the floor in inches should be about 
four-tenths of the depth in feet, with a minimum thickness of 4 in. A 
curb should be provided at the })ase of the slope lining, to protect it from 
sliding. Stone l>locks or riprap may be used as lining, to protect embank¬ 
ments against sloughing or against washing due to wave action. 

The progress of w ater that has leaked through a lining may be stopped 
by the embankment, in w hich case hydrostatic pressure w ill be developed. 
If the reservoir is dew^atered more rapidly than this water can escape from 
the embankment, pressure or uplift is exerted against the reservoir lining. 
Weep holes are sometimes us(‘d to prev(‘nt such a condition. Their use, 
however, destroys the effectiveness of the lining to gain impermeability. 

Better results are obtained from linings that are reinforced than from 
plain concrete linings. The reinforcement prevents cracking due to the 
weight of the wat(*r and (‘ffects a b(‘tter distribution of shrinkage cracks. 
An area of ste(*l of about on(*-fourtli of 1 per cent of the cross-sectional 
area of the con(*rete is usually sufficient, h/ither bars or wire mesh may 
be used for reinforcement. Figure 19() shows the details of the lining for 
the Stanford Heights Reservoir at San Francisco, Calif. 

MASONRY RESERVOIRS^ 

371. WaUs. The masonry walls of reservoirs are usually made of 
concrete and are of the gravity, cantilever, counterfort, vertical beam, or 
cylindrical type. The force that may be e\ert(‘d against a reservoir wall 
is produced either by water or earth pressun'.^ If no earth till is placed 
against th(‘ outside, tJie wall is designed to resist tlie water pressure wlu'n 
the reservoir is full. With an earth till on the outside, the wall is usually 
designed to nvsist tin* earth pressure when the reservoir is empty. One 

also “The Action of Bent-onite Clay in Stopping Ijeaks in Water Supply 
Ueservoirs,” WaUr and Sniuige, V’ol. 81, p. 14, February, 1943. 

* See also Manning, (1. 1*., “Basic Principles of the Design and Construction of 
Reservoirs and Tanks in Reinforced Concrete,” Water and Water Eng., December, 
1945, p. 539. 

® See also C^ole, I. (1. M., “The Design of Reinforced Reservoirs and Tanks,” 
Water and Water Eng., May, 1939, p. 239. 
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of the purposes of the fill, if used, may be to effect an economy in design. 
In such a case, its function is to counteract the pressure of water by its 
passive resistance. The lateral pressure of earth is roughly about one- 
half the pressure of a column of water of the same height. The structural 
members of a wall designed to resist earth pressures are therefore pro¬ 


portionately smaller than those recjuired for Avater pressure of a corre¬ 
sponding height. Such an advantage is, however, nullified if the fill is 
not, or cannot be, properly drained. When theie is a possibility of water 
collecting at the back of the wall, as a result of leakage or a high ground- 
water table, the wall must be designed for the water pressure that may be 
developed on the outside. When arch 
or groincd-arch roofs are used, it may 
be required to design the walls to take 
all or part of the arch thrust. 

Gravity walls are proportioned so 
that they resist by their w(fight the 
overturning and sliding effecis of the 
pressure against them. They are no 
longer used to any great extent in 
reservoir construction. 

Cantilever Avails consist of a base 
and a stem built in the shape of a T 
or an L, as shown in Fig. 197. The 
base is constructed so that its own 
weight plus that of the stem and a 
part of the retained fill develops a 
fixed end for the cantilev^er, or st(*rn. The entire structure is proportioned 
so that the resultant of the A’<‘rtical and horizontal forces passes VNithin 
the middle third of the base Avidth. Sliding is resist(»d by an adecpiate 
width of base or by a cutoff Avail under the base. The thickness of the 
stem and the base on the side of the fill will be determined by the bending 
moment at the junction of base and stem, produced by the lateral thrust.’ 
The maximum thickness of the toe of the base is determined by the bend¬ 
ing moment produced by the foundation pressures on the toe, bc'tween 
the edge of the base and the front face of the stem. Reinforcement to 
resist shearing stresses is provided, if needed. The thickness of the stem, 
in inches, required for earth pressures will ordinarily be about eciual to the 
height of the fill, in feet, with a minimum of 8 in. The cantilever type of 
w'all is usually not economical for retaining an earth fill more than 20 ft. 



Fkk Ills Wall sortioiis, Kastort* 
Hills Hosorvoir, ('iiicirinuti, Ohio. (Ftom 
Etiu Sms-IitconI, YoL 1)4,7^5111, 11)25) 


^ See also Yoi^ng, Dana, “Bonding Monionts in the Walls of lloctangular Tanks, 
Tram. A.S.C.E.y Vol. 108, p. 217, 1943; and Stanlky, C. M., Jr, “Omcrote Reser¬ 
voirs of the Vertieal-beain Type,” Tram. A.S.C.E.^ Vol. 109, p. 567, 1944. 
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in height. Figure 198 shows a detail of a cantilever wall used in the 
Eastern Hills Reservoir at Cincinnati, Ohio. 

A counterforted wall is essentially a contiuous horizontal or inclined 
slab, supported }>y vertical counterforts spaced 7 to 10 ft. apart, depend¬ 
ing on the height. The counterforts should have a thickness of about 
one-tw(»nticth of the height of the wall when earth pressures are resisted. 
The thickness of the face slab and base slab are determined by the forces 




Fi(}. 200.—Dale Street Ueservoir, St. Paul, Minn, ('apacitx, .iO.OOO.OOO 

to be resisttnl and by the s])aii of I he counterforts. Tlie d(‘sign of counter¬ 
forted walls is somewhat more complicated than that ot cantilever walls, 
Imt the counterforted ty])e will show a saving in material for heights of 
earth of more than 20 ft. Figure 199 shows a dcdail of a counterforted 
wall used in a reservoir at Saint Paul, Minn. 

A detail of an inclined slab-buttrebsed wall, also at Saint Paul, Minn., 
is shown in Fig. 200. This wall is designed to carry either external or 
internal water pressure, and no dependence is placed upon the passive 
resistance of the earth embankment. The arch thrust of the roof is 
transmitted to the buttresses through the reinforced beam at the top. 
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The cutoff wall under the base slab develops additit)iuil resistance to 
sliding. 

In beam-type walls, unit lengths of the wall are designed as vertical 
beams supported by floor and roof. The ordinary met hods of reinforeed- 
conercte design arc applicable. Keyways at the elevation of roof and 
floor provide simple supports for the beam. This type results in an 
economical design, W'hen conditions permit its use. 


2xlO'’Jo/sfs 


Sheeting J 2'PlyShndordHoofing 

Hoofs I T* 




_ 

4,8x8" > 

Redwood 

'Redwood 




\8l[}oncnete 


^2*Sandancf6ravef\r^, ' 6’Cktncrete 
^ n oo—-^- 

5 Section through Reservoir 

Vs K-- l2>0-—. ^6''Dra/nP ipi 







2'Pfy Hoofing Paper 
rx6'’Sheefing 

I Wxf2 Anchor 
\Bo/fs,6ChC 

t 

To befillcd 
to these l/nes^' 

rSJ' ‘ \ All Homonfa/Rods 
\rVtsi, Lipped S2' 



□I't; ^ V* 

I 

$ |§ ' 


In,. 201. 


Part Plan 


(^iroular Hosorvoir, Santa Monica, C’alif. 

jK 1107.) 






m 


NormalGroundSurfacc 


j Cross Section 
! of Wall 

•g: - ->t 

(From Kna. News-Hecord, Vol. 70, 


When the rosorvoir tako.s ii circular or riiiK shape, u(lvanta#z:c may be 
taken of the cylinder theory of d(‘.sif»n.‘ Tlie circular shape (*liininates 
stress due to bendinj? moment. The stresses carri(‘d by IIk* \\all are 
either temsion or compression, dependinjz; on tiie loading;. This type of 
reservoir A\ill usually reciuin' the least tliickiK'ss of walls, providcnl the 
diameter is not excessive. It is usuall}'” the most economical type for 
small capacities. Its disadvantages lie in tlu* higher cost of form work 
and less economical use of land. Where reinforcing is used, tlie gunite 
process recpiires no ou1sid(» forms in placing the concrete. Figure' 201 
shows the details of a circular reservoir at J.os Angel(‘s.“ "I'liis structure is 

* See also Salilr, (1. S., "Dnsijrn of Circular (‘oncrctc Tanks,'' Trann. A.S.C.K.j 
Vol. 105, p. 504, 1910. 

=^Scc‘ also CiLAC’h, 1. M., “Prc-strc.ssc(l (Juiiitc,'' Water Works iSc Sarcrage, March, 
1945, p. 83. 
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built with prestressed reinforced-concrete walls and dome roof. The 
stressing of the reinforcement before filling the reservoir maintains eonr- 
pression in the concrete when the reservoir is full. Cantilever or but¬ 
tressed walls may have a circular shape in plan view. Partition walls are 
provided in reservoirs either to serve as baffles or to permit a part of the 
reservoir to remain in service \vhile an adjacent part is being cleaned or 
repaired. It is important that partition A\all& be designed to resist w^ater 
pressure from either side in order that either chamber may be emptied.^ 
372. Floors. The floors of masonry reservoirs are of three general 
types: (1) the scjuare block as described under earth reservoirs, (2) rein¬ 
forced slabs, and (3) groined arches. The first are used when no com- 



Fio, 202 KxHTTiplos of coimcHtions of floors and walls. 


plications arise to foundation or uplift pressures. Other^^ise, reinforced 
slabs or groined arches are n(*c(*ssary. The slabs or groined arches ser\e 
to transmit hydrostatic pressures to the columns. Watertight ness is 
obtained, as in earth reservoirs, by woodrui strips, usually of cypress, or hy 
bituminous compounds plac(*d in the joints ol the masonry. 

The connection between the floor and the walls and between the 
floor and the columns is an important detail. A constni(*tion joint is 
usually necessary to provide against cracks resulting trom unerpial 
settlement. Figure 202 slunvs details ol floor-and-wall connections. 

373. Roofs. Reservoir roofs ai*e built of wood and of reinforced 
concrete. The latter may l)e of the beam-and-giicier, the flat-slab, the 
arch, or the groined-arch type. The usual methods may be applied in the 
design of W'ood roofs or concrete roofs of the beam-and-girder or flat-slab 
type. A method for the design of groined arches may be found in 

' A dosoription of the faihiro of a partition wr I in a n'siTvoir at Baltimore is gl^en 
111 Eng. News-Rf cordf Vol. 102, 192t). 



DISTRIBUriAG RESERVOIRS 


339 


Transactions of the American Society of Civil Engineers, VoL 86 , page 180, 
1923. A section through a reservoir at Springfield, Vt., with unreinforced 
concrete roof is shown in Fig. 203.^ 

Wooden roofs are the least expensive but have the disadvantage of 
being short-lived and of high maintenance cost. Ordinary rules of 
timber design are used to determine the size and spacing of columns, 
girders, and joists. Shingles form 4 good covering material. The slopes 
of reservoir roofs are usually too flat for the* successful use of ordinary 
prepared roofing. 
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TYPICAL VERTICAL TYPICAL 

WALL JOINT FLOOR JOINT 

- Unrein forced concrete reservoir roof at Springfield, Vt. 

Rfcoid, Stpi. 23, 1043, p 105 ) 
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{From Eng. Nev^a- 


Reinforced-concrete roofs are usually designed to support 2 to 3 ft. of 
(‘arth fill. The purpose of the fill is to prot(K*t the Mater against extremes 
of heat and cold or to provide for landscajiing. The earth load plus 
100 lb. per sq. ft. is the loading usually used in d(\sign. Figure 199 shows 
an example of a flat-slab roof. Figure 200 shows a detail of a reservoir 
having a groined-arch floor and roof. Detailed metliods for the design of 
concrete reservoirs may be found in standard textbooks and handbooks 
that deal with the subject of reinforced concrete. 


ELEVATED RESERVOIRS 

374. Types. Elevated reservoirs are used where a tank on the ground 
w ill not supply needed pressure. The height of the elevation is fixed by 
the recpiired pressure. Among the advantages of the use of elevated 

‘ From Eng. \eirs-Record, Sept. 23, 1943, p. 105. 
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Htorage may be included the reduction of pump and of pumping cost, the 
reduction of the maximum pressures required at the pump discharge, and 
the reduction of peak demands on the pumps. There are two types of 
elevated reseiToirs: standpipes and elevated tanks. A standpipe usually 
consists of a cylindrical shell, Imilt of steel or reinforced concrete, having a 
flat bottom and resting on a foundation on the ground. An elevated 
tank is a resiTvoir support (h1 on and anchored to an elevated structure or 
tower. It is desirable to make tlic horizontal cross-sectional area of an 
elcwated tank or standpipe relatively large in order to obtain maximum 
storagf‘ volume with minimum pressun' variations in the system resulting 
from the filling and (emptying of the tank. TIktc is nn economical, use¬ 



ful depth of tank that ^^ill give the lea.st total capitalized cost of tank and 
of pumping. This depth, for s((‘(‘l tanks, is usually about 20 to 25 ft. 

376. Standpipes. The useful storage capacity of a standj)ij)e is the 
volume of th(» tank above the elevation re(|uir(‘d to give the necessary 
pressure for distribution. The A\ater in the tank Ix'low this (devation 
serves only as a column to support the useful capacity. It is often 
possible to take advantage of hills or high ground for a standpipe^ location, 
with a view toward making the entire capacity of tlie lank usal)le. In 
cities where such sites are not availalde, the standpijx' is not an econom¬ 
ical type of reservoir except for the storage^ of relativ(dy large capacities. 
Figure 204 shows the typical details of a steel standpipe. The dimensions 
of a standpipe are determined by the reciuired capacity and height 
necessiiry to develop distributing pressures. The cost increases rapidly 
with the height, because the required strength of the walls, to care for the 
stresses due to wind and the weight of the water, increases with the square 
of the height. 

The design of a standpipe involves the determination of the econom- 
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ical size to perform the required operating function and an analysis of tin* 
effect of the loads upon internal stresses, the stability of the structure, and 
the foundations. The dead load includes the weight of all permanent 
construction and fittings. The live load includes the weight of the 
liquid contents and, for regions \\ here snowfall occurs, a snow load of 25 
lb. per sq. ft. of horizontal projection if the roof has a slope of less than 
25 deg. with the horizontal. A lateral load due to wind is assumed to 1)(‘ 
30 lb. per sq. ft. on a vertical plane surface and 18 lb. per sq. ft. of pro¬ 
jected vertical surface w4ien the exposure is a cylindrical surface. The 
point of application of the Avind load is considered to be at the cent('r of 
gravity of the projected area. In lociitions subject to unusual winds, 40 
and 24 lb. per sq. ft., respectively, should be used instead of 30 and 18. 
Wind stresses may be neglected if they are less than 25 per cent of th(^s(' 
due to dead and live load. 

Foundations for standpipes are usually circular, octagonal, or sciuare 
in plan and are built of masonry. In ord(T that there shall be no tension 
on the windward side of the foundation, the latter should be proportioned 
so that the r(\sultant of the vertical for(*es (weight of foundation and 
empty tank) and tlie horizontal force due to w ind pass through tin* middle 
25 per cent of the diameter of a circular base, also througti the middl(» 25.5 
per cent of the diameter of the inscribed circle of an octag»)nal bas(‘ 
and the middle 33*.per c(‘nt of the side ot a sciuare base. Foundation 
reejuirements should be dc'termined from field 1 (‘sts. 

Standard references should be c()nsult(‘d lor d(*1 ailed d(\sign practi(*(‘.’ 

376. Materials for Standpipes. Standf)i])es ar(‘ usually built of st(H'l 
or reinforced concrete. Steel is gen(*rally the* favonul material, as 
experience indicates that it is difficult to make concrc'te standpipes w^ater- 
tight under heads gr(^at(*r tlian 50 ft. Concrc'tc' has th(‘ advantage ovaa* 
steel of lower maintenance' cost, when originally we'll cemstriu'le'el; it is 
me)re adaptable te) archite'ctural tivatmeml; and it may be e're*cte'd more' 
ejuickly. The advantages e)f ste'e'l standpipe's e>ve'r concrete' are aelapla- 
bility to high lu'ads, leaks more e'asily repaire'el, slightly le)we'i’ first cost, 
greater assurane*e at the enitsc't oi a ele'pendable structure. Stee'l stand¬ 
pipes are subject to rapid deterioration unless the'y are' ])ainte‘d rc'gularl.v 
and e)therwdse e*arefully maintaine'd. (’oppe'i-be'aiing ste'e'l containing 
not le'ss than 0.2 per ce'nt copper is recommended for the tank and roof 
material. 

1 Kktchum, M S., “Structunil Kngiiioors’ Handbook,” Chap. \I, “Stoe'l Stand¬ 
pipes,” Mr(iraw'-Hill Ik>ok (\>rnpany, Ine , New Voik, 1U24. Iloon and Johnson, 
“Concrete Engineers’ Haiidi)ook,” Sec. 17; “Concret(‘ Standpipes,” McCiraw-Hill 
Book (’ornpany, Inc., New York, 1918. “Standard Specifications for Riveted Ste'ed 
Elevated Tanks and Standpipes,” Jour. A.W.W.A.j Vol. 27, p. 1606, 1935. 
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377. Steel Standpipes. Steel standpipes are built of curved steel 
plates welded or riveted together. The diameters of the adjacent courses 
vary so that the latter will lap inside and outside alternately unless the 
joints are to be welded. The minimum thickness for side plates is in. 
for tanks up to 500,000-gal. capacity and in. for larger sizes. The 

thickness of bottom plates is given by the formula t = —; in which 

t is the thickness in inches and H is the height of the standpipe in feet. 
When the formula gives results between sixteenths, the next higher six¬ 
teenth is used. The minimum thickness for bottom plates is in., and 
the maximum is 1 2 riveting is used, the diameter, pitch, edge 

distance, and driving of rivets, as well as calking re(iuirements, should be 
carefully specified. Minimum diameter of rivets is ’'\s in. Holes should 
be tapp(‘d, on about 4-ft. c(*nters, through the bottom plates so that grout 
can be forced througli them, after erection, to secure adequate bearing. 
After grouting, the holes should be plugged with screw plugs. Anchor 
bolts should not be less tlian 1*4 in. in diameter and should be long 
enough to provide* resistance to uplift due to wind on an empty tank. 
Bent plates fasten the anchor-bolt casting to the sides of the tank. 
Steel ladders on the outside* proviele acee'ss te) the te)p of the tank. Inside 
ladders arej selele)m reejuireel and shemld never l)e use*el in tanks subject to 
ice format iem. Ac(*e\ss to the bottemi e)f the tank may be provided by a 
manhe)le near the bottom. 

378. Cylindrical Concrete Tanks. The side* walls of a eyiinelrical 
concrete tank may resist bursting by he)op te*nsion or a ce)m})ination e)f 
hex)p tension and can(ileve*r bending. The cantilever action is most 
pronemnceel immeeliate*ly above the connection b(*tween the vertical walls 
and the bottom of the tank. Attempts have been made to minimize the 
cantilever stress(*s by the construction of a flexible seal betw(*(*n floor and 
walls, as shown in Fig. 205. The floor is constructed to l)e independent 
of the side wall, which can expand and contract ^\ithout cracking. The 
lower part of the joint is filled with a mixtun* of sand, cement, and iron 
rust. The true seal is formed by a })ure gum-rubber strip as shown. 
Prestressed concrete tanks' are built A\ith concrete walls prestressed by 
tightening steel bands around them to such tension that there is always 
compression in the tank walls even when filled with water. The steel 
bands are covered with concrete after stress has been put into them. 
Advantage claimed for such construction include ( 1 ) watertight ness, 
(2) permanence and low upkeep, (3) adaptability to arcliit(*ctural treat¬ 
ment, (4) ease in burying underground, (5) simple and accurate deter- 

^ Sec Kkknkuy, R. C., “ Design and e'onstruetion of Pro-vStroasod Concrete Tanks, 
Jour. January, 1945, p. 75. 
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mination of stresses. Disadvantages include relatively high first cost and 
great weight if used as an elevated tank. 

379. Reinforced-concrete Standpipes. Reinforced-concrete stand¬ 
pipes are designed by two different methods* (1) Steel hoops of sufficient 
cross-sectional area to resist the tension due to the internal water pressure 
are imbedded in a circular wall built of concrete (2) A circular concrete 
wall is built and allowed to set. Steel bands of sufficient cios'^-sectional 
area to resist the tension due to the internal water pressiiie and initial 



DRAINAGE GUTTER AND SEAL RECESS DETAIL 

J u, 205 I Icxibk joint between tank floor and t«nk wall. 

tension are placed around the outside of the concrete and arc tightened 
sufficiently to cause compiessive stiesses in th(' conciete Th(‘ outside 
suiface of the tank is then spiayed with conciete irom an air gun. Expe¬ 
rience with tanks designed under the fust method has gent'rally shown 
them to be unsatisfactory. They aie difficult to make w atertight and are 
subject to cracking due to tempeiatun' changes and to stresses unac¬ 
counted for in design. They are also subject to serious damage from 
frost action. Favorable results have been reported from tanks built by 
the second method. 

The principal advantages of reinforced-concrete tanks are rapid 
erection and adaptability to inexpensive architectural treatment to 
improve the appearance Seepage, effloiescence, and spalling, due to 
frost action, may nullify the last-named advantage. 
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380. Elevated Tanks. The name “elevated tank^^ ordinarily refers 
to the entire structure, consisting of the tank, the tower, and the riser 
pipe. Elevated tanks are usually cheaper than standpipes, per unit 
volume of useful capacity, for locations in which pressure requirements 
necessitate considerable ekwation above the surface of the ground. The 
design of elevated tanks involves the following determinations: 

1. The* capacity. 

2. The required elevation. 

3. The size and sliape of the structural members required to resist the stresses. 

4. Stability of the strueture and foundation requirements. 

6. T1h‘ typ(* and installation of appurtenances ru^ederl for operation. 

The retluirements for capacity are stated on pages 327 to 330. 

Ample capacity for future needs should be provided. The required 
elevation d(‘p(Muls u[)on the desired pressure at the most remote part of 
the distributing area serv(‘d by the tank. Features of the structural 
memb(Ts are discussed in a general way in the following paragraphs. 
The student is referiH'd to standard texts^ for detailed methods of ele¬ 
vated-tank design. * 

The d(‘sign of the foundation for an el(‘vat(‘d tank is important. 
UruMiual s(‘tllemen( caiis(‘s sevH*re strains on (he various members and 
may (*aus(* serious l(‘aks. An explorat ion of subsurface condit ions is made 
for large* structures. The bearing power of (he foundation soil should be 
determined by tests. 

Tow(*rs suj)porting (*l(*vat(*d tanks are de.'-igned to act as a unit with 
the tank and, therefore, to n‘sist the* combined stresses due to weight and 
bending. Cure must be taken to provide for uplift on the wiiuhvard side, 
vvitli suitable foundations and proper ancliorage. Earthquake stresses 
are som(*tim(*s provided for.- 

381. Elevated Tanks of Steel. Tentative Standard Specifications 
for EU'vated St(*el Tanks, Standpip(\s, and Kes(‘rvoirs have ]>e(*n prepared 
by the American \Vat(*r Works Association.^ IVntative Kecommended 
Practice* for the* Rej)ainting of h]ievateei Steel Tanks and Water Storage 
Tanks, w ith note's em re*pairs, have been published by the Ame*rican Water 
We)rks AsseK'iatiem.'* At)strae*ts freun these spee*ifications are showm in 
Tal)le ()1. The* thickne*ss of the ste*e*l she*ll e)f the tank is fi\e*d by the 
hydre)static pre*ssure te) which the plates are subjected, by the alle)W^able 

* See footnote on page 341. 

Sc'e nl.Mo Hook, A. (\, “Kartliqiiake Hesisiance of Elevated Water Tanks,” 
Tram, A.S.(\E.. Vol. 103, p. 8S0, 1938. 

’’See ,/oar. .l.UMr,.!., December, 1940. 

‘ See Jour. .4.TV.IT..4., July, 1943. 
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unit stresses, and by the joint efficiencies. Tite trend in practice is toward 
welding. Nearly all tanks over 500,000 gal. capacity are welded, and 
most small tanks are noAv of welded construction. 


Tablr (> 4 .—Extracts from Tentative Standards Specifications for \tki) 
Steed Water Tanks, Standpipes, and Keservoihs' 

Loads: Dead load is weight of all permanent eonstruetion {ind fittings, witli steel at 
400 lb. per cu. ft. and concrete at 114 lb. per cu. ft. Live load is the weight of all 
liquid in the tank. Snow load is 25 lb. per s(j. ft. of horizontal projection of sur¬ 
faces having slope of less than 30 <leg. with the horizontal. Ib/Rd load 30 lb. 
per sq.ft, on vertical plane surfact*, 1«S lb. per sfp ft. on pn)ject<‘<l areas of cylin¬ 
drical surfaces, and 15 lb. per sq. ft. on projected areas of conical and double 
curved plate surfaces. Earthquake load (to be specifiid by purchaser), lialeouq 
07id ladder, 1,000 lb. at any j>oint in balcony, 500 lb. at any point in roof, and 350 
lb. on each section of ladder. 

Vnit stresses (in pounds per scpiare inch): Stnictural steel, tension 15,000; eoinjiression, 
15,000; shear (webs) 9,750. 

Roofs: All tanks storing drinking water should have roofs. 

Capacities: For standpipes and reservoirs (in thousands of gallons): 50-(U)-75-ltX)-150- 
200-250-300-400-500-750-1,000-1.500-2,000-2,500-3,000-4,(K)0. For elevated tanks: 
5-10-15-20-25-30-40-50-00-75-100-150-2(K)-250-300-400-500-750-1 ,(X)0-, 15(K)- 
2,000-2,500. 

Shell height: For standiiipes and elevated tanks: from 20 to 50 ft. l>v ev(‘n 2-ft. inter¬ 
vals. From 50 to 100 ft. by even 5-ft. intervals. From 100 to 2(K) ft. by even 
10-ft. intervals. 

Diameters of reservoirs: same as li<‘ights for standpipes and ch‘vat(‘d tanks. 

Accessories: Standpipes, reservoirs, and devoted tanks: ovf‘ril(»\\, outsich' tank ladder, 
roof ladder, roof hatch, Aaait. Standpipes and reservoirs: .sh(‘ll rnardiole, pipe con¬ 
nection. Elevated tanks: tower ladder, roof fmial, st4‘el ris(T ])ipe, and pijM' 
connection. 

J Soe ./our. A.W.]WA., DoccihIxt, 1910. 


Towers for steel tanks are usually built of s 1 (m *1 but may b(* built of 
reinforced conende or ev(*n wood. The posts tire dt'signed to n^sist the 
combined stresses duo to direct load iind moimuit du(‘ to Mind. Tlui 
Unvers may be divid(*d, by horizontal struts, into stori(\s from 10 ft. to 12 
ft. () in. in height. Minimum thickness of toWer nudal is } in. except in 
Avebs of channels and I beams and in oIIkm* minor parts that carry littJ(» or 
no load. The thickness of cover jdab's in columns should Ik* one-liltieth 
of the distance betAveen rivet lines but not l(‘ss than ^ j in. Diagonal 
bracing is used between posts. Figure 200 sIkavs typical d(itails of a 
steel tOM er. 

An ideal bottom shape for minimum amount of si (‘el Mould be a shape 
that put only tension in the steel. Israelical considerations prev(*nt the 
fabrication of such a shape, and the chang(\s in d(‘pth of M ater in a tank 
make its design impossible. Flat and conical bottoms accentuate flexural 
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stresses.* Hemispherical, ellipsoidal, and radial-cone shaped bottoms 
more nearly approach the ideal and are more commonly used. The last 
two types make it possible to increase the diameter for a given capacity, 
as compared with a hemispherical bottom tank, so that the pumping head 
and pressure variations may be minimized. 



see VEW vcw LOOKrJG toward center .of lOMftft 


iMti. 200. T.\pi<‘ul dctiiils for oh*\ato(I water tanks. {Courtesy Chicago Bridge and 

Iron Works ) 

Standard tanks are available for a maximum capacity of 1 million gal. 
in the hemisplH'rical-bottom type, 2 million, in the ellipsoidal-bottom 
type. The first type is limited to a diameter of about 50 ft. and the 
second, to about 00 ft. 

The hemisi)b('rical bottom is videly used for small tanks, but its 
range in head for a givtai capacity is greater than for the other types, 
sinc(' its diameter is limited to about 50 ft. Its shape affords low and 
easily calculable stnvsses. The radial and circumferential stresses are 
ecpial to <me-half the stresses in a cylinder of like radius, subject to the 
same hydrostatic pr(*ssure. 

‘ S<‘c also Lkk, V V , “Strt‘ss«‘s in ('onical Itottonis of Tanks,’’ Eng. Xews-Rtrordf 
May 4, 1U44, p. lOn 








•ni<-v to top 
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it may or may not be used. In most eases the roof provides stiffening for 
the top of the tank. Hoofs are ordinalily UbC‘d as a protection against 
temperature changers and contamination caused by birds and flying 
insects. Tliey may be omitted in temperate climates and in locations 
1 datively fie(‘ from contamination. 




mSMA 


/ 




JTI 




' M<«uiii I il-( OIK-hott oiii cU\ it(cl t ink (f ouittsif of ( hicof/o Bndyt mui 

Iron H ot! s) 

Spickr Hods. Spidei lods aie lods ladhUing liom the center of the 
hulk, in a hoiizoiilal plaru*, and aie attach(‘d to and suppoited onl^ by 
the vail of the tank. The lods niav be used’ (1 ) to hold the tank lourd 
during election; (2) to suppoit scaflolding .uid peimanent inteiior parts, 
such as pipes; and (3) to piexent colLipst‘ of tin* shell by vind vhen the 
tank is empty. The lods aie objectlonabh* in cold climates b(‘cause they 
may cause collapse ot the tank due to ice toiinmg on them In cold 

' S( ( also ThitKi MAN, J M , disc ussion, H ah r II ork s A S< u (rag< , Sopti mix r, Pl43, 
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climates where ice may form in the tank, there sliould be no obstruction 
on the inside of the tank to prevent the rise and fall of the ice cap on the 
water surface. 

Ladders, Ladders are supplied for 
standpipes and elevated tanks to give 
access from a point 12 ft. above the 
concrete foundation to the top of the 
tank. On tanks without roofs the 
ladder should extend to a point 3 ft. 

above the shell. On tanks with roofs . 

a revolving ladder fastened at the 
finial in the peak is usually used. iiovoivinR ladder for olovatod 

The lower end of the ladder is 

equipped so that a boatsv ain\s chair may 1k‘ atlached to give access f o all 
parts of the shell. Revolving ladders for elevat(‘d tanks may e\tend 
from the peak to the balcony, in \\hi(*h case the ii\(‘d ladth'i* from the 
balcony to top of the tank is omitted. Figure 209 shows the g(‘n(*ral 
arrangement of the revolving ladder. Xote the ladder in Fi^. 2()S. 



Tank boffon 

No expansion joinb requ <red 

-—L- connechon 

ofn<;erpipe fo tank 


Porh on of rise''pipe 
behw this Jme acts 
as seHhnq basin 


LeadJoint conneefton^ 
Grout''' 


Supply pipe {not 
furnished unless X 
so stated in ^ 
proposal)--’ 


bottom 


Wrench 

{removable) 



Bottom of "itech/scr 
pipe rests directly 
on founota tion 


Fio. 210. Detail at base of riser pipe of ellipsoidal-bof tom elevated tank. 


Balcony and Handrail. The width of the lialcony should hv at least 
24 in. for 15-ft. diameter tanks and not less than 30 in. for larg<‘r tanks 
The floor should have a minimum thickness of •'’/e in. and lie suitably 
punched for drainage. The handrail is at least 3 ft. higli and is constructed 
so as to stiffen the outer chord of the girder. The balcony support forms 








350 


WATER SUPPLY ENGINEERING 



S'’6h4QV€i 
Enelost/Jm houvng* 

fumonirmaiptrn 


74. "DtamtUr f/oah 

MeuEe •/ *//»“ir/Ih alljo/n/i\ 
wtldtd TtsktHiSk,* pmaurt 
tUKl$r$mhi:p»mh^ mth ftto 
(oafi of Mjthatt 


Oa/vant z taf pipt 
Endoitng WfkMibM bronm 
t hi lor mr* 


a part of a circular girder to strengthen the connection between the side 
walls and bottom. 

RiBer Pipe, In tanks having hemispherical bottoms, the riser pipe is 

usually of cast iron and may or may 
not be provided with a frostproof 
covering. An expansion joint be¬ 
tween tank and riser pipe is required. 
In ellipsoidal-bottom tanks, the riser 
pipe is of steel and serves to support 
part of the weight of tank and its 
contents. The diameter of the riser 
pipe is ordinarily 3 to 4 ft. for tanks 
up to 150,000 gal. and 5 to 10 ft. for 
larger tanks. The expansion joint 
and frostproof cover are omitted. A 
supply pipe, as shown by the dotted 
lines in Fig. 210, admits the water 
to the riser pipe. A washout valve 
serv(‘s to remove the sediment that 
collects in the lower portion. Rec- 
onim(‘nd(Hl sizes of riser pip(*s arc listed in Ta])le 65.^ 

\Valvr-U'vvr Indicators. A device to indicate^ the level of water in an 
elevated tank or a storag(i reservoir is esscuitial to its successful operation. 


BJ 


i 


6t*€l 

targof 


V 




211. Standard indicator for ele¬ 
vated sled tanks. 


Tahlfj 05.--Sizes ok Hisku !*i!*ks and (^wnecting Pipes for Klevated Tanks^ 


(’apacity of 
tank, ^al 


100,(KK) 
200,000 
500,(KH) 
1,000,000 
2,0(X),(KK) 
5,000,000 


I )elivory rate for 
on<‘-half i apacity, 
K P »». 

1002 

•117 
S33 
1,000 
1,10,5 


Size of connocting 
main, in. 


0 

S 

8 

I 12 

I 2 (» 12 (ir 1 C? 16 
' 2 (rt 16 or 1 (a 20 


‘From Botyrii, (} M., “Pracliral Stuciio-s of DintriEution Systeme,” Jour. A.W.W.A., September, 
ltU4. i»|>. Oo? ami tHi.'b 

* For 5-hr. duration. Others foi 10-hr. iluration. 


Such devices vary from a simide float and stick subject to direct observa¬ 
tion, to ingenious telephone and radio remote-control devices that 

* From Hooth, CJ. M., “l^acticnl StudiCvS of Distribution Systems,” Jour, A,W. 
ir.rt., September, 1944, pp. 957 and 963. 



DISTRIBUTING RESERVOIRS 351 

transmit information concerning water levels to any desired distance and 
do it continuously or on demand.^ 

Overflow, Overflow of the tank is provided for by connecting a 
conductor pipe to a pipe through the wall of the tank or to a trough 
extending around the outside of the tank. Figure 209 shows one method 
of caring for overflow. 



lit. 212. — Kle\att*cl tank at Gate of HeavcMi Cemeton DosikiuhI In Charles Wellford 
Leavitt and Son (Cowr/eAV of Chtenyo Hndui and Iron 11 orka ) 

383. Architectural Treatment. The old-fasliioiu'd st(‘(‘l tanks are 
usually unsightly. Because of this tact, tlu'ir use in certain locations is 
objectionable. Tonsiderahle study is now being directed townrd improv¬ 
ing the appearance of steel tanks, and th(‘ r(‘sults havt^ justifieti tJi(‘ effort 
as evidenced by Fig. 208. With projier attention to details of towers, 
balconies, and general lines and proportions, st(‘el tanks may be made 
quite pleasing to the eye. In places where a steid tank cannot be made to 
harmonize wdth the surroundings, they may be covered with masonry. 
Such a treatment is showm in Fig. 212. 

^ See also Eng . and Contr ^ Vul t4, p 360, 1915; Power ^ Vol 38, p. 888, 1913; 
W^ERT/, C F , Telemarking,’^ Wattr HWAs Stworagt, May, 1946, p 182, (’olman, 
E. A., and E. L Hamilton, “The Sail Drnas Water-stage Transmitter,” Ciml Eng.j 
June, 1944, p. 257. 
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DESIGN OF DISTRIBUTION SYSTEMS 

384. Description of Distribution Systems. A atenvorks-distribu- 
tion syst(‘fn includc's pipes, valves, hydrants, and appurtenances for 
(•onv(‘ying \\al(‘r; reservoirs f(a* storaj»e, ecpializinj;, and distribution 
purpos(‘s; s(‘rvice i)ipes to the consumers; meters; and all other parts of 
the conv(‘yiii^ system aft(‘r the water leaves the main pumping station or 
t]i(‘ main distribution reservoirs. 

Th(* layout of distribution systems may be classified, for convenience, 
as (I) circl(‘, or b(‘lt, systems, (2j gridiron systems, and (3) tree systems. 
The narn(‘s an* d(‘scriptiv'e of the mann(‘r in \\hi(*h tlu* distribution pipes 
are laid out on the ])lan. Most distribution syst(*ms contain features of 
each type of layout; practically none is an exain])le of one system alone, 
although th(‘ gridiron syst(*m is probably the most common, particularly 
in large cili(*s. 

In citi(‘s when* then* an* dirferenc(*s in surfa(‘(‘ (*l('vation of more than 
about 200 ft., the distribution syst<‘m is usually divi(I(‘d into zones in 
order to avoid (*\c(*ssiv(* [)r(‘ssures in tin* lo\\er zon(‘s. The* dilferent zones 
are usually supplied by ind(*pend(*nt pumps or n‘s(‘rv()irs, which are 
usually characteriz(*d by tin* t(*rms ‘^high seiwice” and ‘‘low service.^' 

Sonu* citi(*s an* su))[)lie(l from two source's, one pun* for domestic use 
and one impure for fire protection or industiial purpos(*s. The practice is 
univ(*rsally cond(*mned if tlu* two supplic's are interconn(*ct(*d or if there is 
any opportunity for use* of tlu* impun* supply for p(*rsonal n(*(*(is or in the 
t)n*paration of foods or bev(*rages. The us(* of an impure supply should 
be limited e.vcluoively to fire protection, boiler water, cooling, and similar 
purposes. 

386. Design of a Distribution System. The adequacy of a dis¬ 
tribution system is det(*rmined by tlu* adequacy of the pressures that 
exist at various points in the* system under actual or assiinu*d conditions 
of o{)(‘ration. On the one hand, the pressun's must lx* sufficient to 
serve the consumers or the fire demaiul. On the other hand, pressures 
that are unnecessarily high require an unjust iff abh* expenditure for 
safety and maintenance. 

There is no direct m(*thod of design for distribution systems or of 
determining the size of pipes retjuired. In a new' s^xstem the pipe sizes 
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must be assumed, and the system investigated for the pressure conditions 
that will result from various requirements of demand. These can be 
studied by the construction of pressure contours, as shoum in Fig. 214. 
The pipe sizes are then changed, if necessary, and the system reinves¬ 
tigated until satisfactory conditions are indicated. In existing systems, 
the pipe sizes are known, so that only one investigation for each demand 
requirement is necessary. But when changes are contemplated, the 
sizes of the new pipes must be treated the same as in the design of a new 
system. 

The factors that afford loss of head or pressure are interdependent and 
include size of pipe, quantity of flow, and hydraulic losses due to friction 
and other causes. Usually, losses due to friction in straiglit pipe onl}'^ are 
considered. If it is desired to include minor losses, it is most convenient 
to account for their effects by adding a length of straight pipe in which 
the friction loss is equivalent to the calculated minor loss. 

The friction loss in many pipes increases on account of the corrosion 
and deposition that may occur with use. Since it is usually presumed 
that a permanent municipal distribution system will be used ovei a long 
period of years, it becomes nec(\ssiiry for the engineer to anticipate the 
future and design the system for the condition that will obtain near the 
end of the time when the amounts set aside for depn^ciation will have 
returned the first cost. For cast-iron pipe a co(‘fli(‘i(mt of C = 100 in the 
Hazen and Williams formula is ordinarily used for original calculation. 
Table 0 (page 35) gives formulas for calculating the (effect of time on 
friction loss for steel pipe. 

The design or investigation process may g(*ii(‘rally be consid(*r(*d to 
contain the following steps: 

1. Pr(‘par(', on a map of the city, a layout sliowing the lenj?ths and .sijjes of all i)ip(‘s 
of the proi)osc*(l or oxistiiiK .sy.stein. This layout .shouKl show also all tin* hyrlrants, 
valves, elevated tanks, and other ai)j)ur<enances })ropos(‘d or c*\istinK for the operation 
of the .syst(*m. 

2. Indicate the known or assumed demands that an* or will be n‘(iuir(*<l at impoi- 
tant points in the system. 

3. Calculate the pressure drop that will occur betw'een the* source of supjdy and tin* 
critical points in the .syst(*m. 

4. Revise tlie pipe sizes, and repeat step 3 until satisfactory pressures for the 
required demands are indicated for all |Kunts in the system. Furtlu'r discussion of 
the te*chnique of analysis wdll be found in the succeeding section. 

386. Selection of Pipe Sizes. Preliminary estimates for the sizes of 
pipes in a distribution system are frequently based on experience. When 
the rate of flow is known, the diameter can be determined by assuming a 
velocity of 3 to 4 f .p.s. The rules for minimum size of pipe are frequently 
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violated to reduce the first cost of pipe, without proper consideration of 
over-all economy and of pressure losses. 

In the selection of the sizes of pipes, some of the following principles 
may serve as a guide: 

1. Use no pipes loss than 4 in. in diameter, and use these sparingly. Information 
in Table 12 shows the 4-in. pipe to be relatively costly per unit of capacity when com¬ 
pared with larger pipes. The National Board of Tire Underwriters recommends a 
minimum size of 8 in., but permits 6-in. pipe in gridirons when the length betwwn 
connections is not over 600 ft. The percentages of sizes of pipes in various systems 
are shown in Talde 66. 

2. Place fire hydrants on pipes 6 in. or larger in diaineler, and no hydrants should 
be placed on long dead ends 6 in. or smaller in size. 

3. Pipes should, in g(*neral, be interconnected at intervals closer than about 
1,200 ft. 

4. It is better to lay two moderately large mains parallel on streets three or four 
blocks apart than to lay one large mam, even with slightly great(*r capacity, down one 
street. 

6. Arterial mams should be in duplicate but not in the same street. 

6. When railroads, strejims, or other barricTs lie between water source and parts 
of the city, not less than two and prefiTably more well-separated arterial pipes should 
cross the barrier. 

7. Kmerg(‘ncy inb‘rconnections that can be cpiickly mad(* between safe potable 
supplies should lx* jirovided where available. 


Tablk 06. — DisTRinrTi(».N of Pick Sizes in Kioht WATKR-nisTRiBirTioN Systems^ 


Size of pipe, in. 

4 

6 

8 10 

12 

14 jui ^8 , 

Others 

Pit cent total length of pipes . . . 

hr. 

1 Hi 5' 

55 

49.1 

15 '1 .. 

11 2 4.3 

1 

7 5 
8.1 

1 

i 

2.2, 2 (1 1.2| 

2 

4.6‘ 


• 'riH* w<*iKhte<l a\<*raK<* inain« in mosl diNtributiun hv^Iimus has ln*i*n found to lx* c*loHt* to 7 in. 

* From flowHtiN, L. H , “'riu* DiHtrihution S\h <*in,” Jour. A.HMI A., Deemuhor, 194.'!, p ir»l7. 

• From “Seloftwl Canadian MunicipahtieH,” Jour. A.U'.ir.A., .\pril. 1945, p. 397. 

* Includes 4- and 5-in. pipee. 

When a preliminary layout of the distribution system is complete, 
assumptions are made concerning the rates of flow into and from the 
system at strategic points and the system is analyzed for head losses. If 
head losses are found to be unsatisfactory, other sizes of pipe are chosen 
and the system is reanalyzed for head losses. 

387. Analyses of Pressures in Distribution Systems.^ Methods that 
have been used in the analyses of distribution systems include- (1) the 
equivalent pipe method, omitting and combining pipes to form series and 

‘See also (^amp, T. U., “Hydraulics of Distribution Systems—Some Recent 
Developments in Methods of .\nalysis,“ Jour. New Engl. Water Works Assoc.^ 1943, 
p. 334. 

* iScx' also (1a\e'it, Weston, “Computation of Flows in Distribution Systerns,^^ 
Jour. A.W.W.A., March, 1943, p. 267. 
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parallel compound pipes(2) graphical methods, descril>ed by Freeman,- 
by Kingsbury,^ and by Palsgrove^ and by Rensselaer Polytechnic 
Institute,^ (3) the construction and analysis of an electrical analog^', as 
described by Camp and Hazen;® and (4) the Hardy Cross method of 
successive approximations.^ Because of the relative simplicity and 
accuracy of the Hardy Cross method, it is used almost exclusively. 

3£8. Hardy Cross Method of Analysis.® The Hardy Cross method 
of network analysis is based on the fact that the k^ss of hc^ad from one 
poi nt to another in a distribution system is the same, regardless of the 
path followe d;^ In order to find the correct flow in the pipes of a net work 
distribution system, any convenient flows are assumed and the head 
losses between points in the distribution system are computcnl with the 
aid of any desired pipe-flow formula, using the rates of flow just assumed. 
If the head losses by ditTerent paths between two points are not e(|ual, the 
assumed rates of flow are corrected by AQ, computed from the expression® 


AQ 




( 1 ) 


in A\hich the numerator is the algebraic sum and the denominator is the 
arithmetic sum (/.c., the sum without regard to signs). If r represents 
the relative r(\sistance and u is the exponent of Q in the typical flow 
formula h = it can be shown that, in the Hazen and Williams 

formula, r = proof is as follows: 

In the Hazen and Williams formula 


'See also IIo\\ land, W. K., and P'ahu, F., Jh., “Computation of Kqiiivalont 
Ji<‘n> 5 <hs of Parallel I’lpe Systems,’' Jour. A.W W.A., Vol. 33, p. 237, llHl. 

Fkeeman, J. K , “ ArranK<‘ment of Hydrants and Water Pipes f<)r Fin* Protec¬ 
tion,” Xew Engl. Water Works Assoc., Vol. 7, pp. 49, 152, 1892-1893. 

Kincjsbury, F. H., “Capacity of Twin Pipe Line,” Eng. News, Vol. 7(», j). 12311, 
1916. 

^ Pai.s(}Rove, (». K., “(Iraphieal Analysis of a Dual Flow \Vat(‘r Supjdy System,” 
Eng. News-Record, Vol. 107, p. 422, 1931. 

^ Bull. 37, August, 1932. 

® Camp, T. R., and H. L. Hazen, “Hydraulic Analysis of Water Distribution 
Systems by IVl(‘ans of an Electrical Network Analyzf*r,” Jour. New Engl. Water Works 
Assoc., December, 1934, p. 383. 

^Cross, Hardy, “Analysis of Flow in Networks of Conduits and C^ondiictors,^' 
Univ. III. Expt. Sta. Bull. 286, 1936; and Doland, J. J., “Simplified Analysis of Flow 
in Distribution Systems,” Eng. News-Record, Vol. 117, p. 475, 1936. 

* See also Howland, W. E., and Farr, F., Jr., “Ralancing Head Ix)ss(*s in a Pipe 
Network,” Eng. News-Record, Feb. 27, 1941, p. 50. 

* A nomograph for computing values of this expression is given by Cl. M. Slight in 
Eng. News-Record, Jan. 1, 1942, p. 61. 
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h ^ 3.0307>;« 


where the linear units are in fwt. But 


V = 


Q 

A 


4(2 

r(P 


Substituting this value for T in the above expression, using the 
constant K to care for the units, and allowing length to be one unit 


K 

(U.Kkfjl.'ii 


( 2 ) 


\'alues of r are given in Tat)le (>7, bast'd on the resistance of a 12-in. pipe, 
of unit length, with C =110 as unity. 


TaHLK <) 7 . KkI.M’IVK KhhISTANfKS OF (*IR(M LAU I’iPKS in HaZEN AND WlLLIAMS 

FoIlVII 


Diairiotor, in | 

C = iio j 

U = 1(K) 1 

c - no 

r' = 120 

(' = 130 ! 

r = 140 

4 

300 

ilA) 1 

210 

181 

1 

l.'>fi 1 

135 

6 

40 

3.5 

29 2 

25 

22 ' 

19 

8 

1^1 

8 6 1 

7 2 

6 2 

5 3 

4 6 

10 

1 3 4 

2 9 

2 1 

2 1 

1 8 

1 55 

12 ’ 

' 1 13 

1 2 

1 

0 86 

1 b 71 , 

0 645 

11 

0 67 

1 0 56 

0 17 1 

0 40 

j 0 35 1 

0 30 

16 

0 36 

1 0 30 

0 25 

0 22 

' 0 185 1 

0 16 

18 

0 20 

I 0 17 1 

1 0 14 

0 12 

i 

0 09 

20 

0.10 

0 08 ' 

0 07 ' 

0 06 

1 0 05 

0 045 

24 

0 01 

0 03(> ' 

0 03 1 

0.026 

0 022 

0 019 

30 

0 0161 

1 0 0138 

0 0115 1 

0 010 

0 (K)85 

1 0 0074 

36 i 

1 

0 (K)6!) 

0 (K)58 

1 0 (K)18 

0.0011 

0 0036 

0.0031 


The analysis is n^peated as often as necessary until AQ lan'orne^s as 
small as (U'sinnl. 

Kxamph" Lt't it ho dt'sirod to dotonnino tho hoad Iosbos, in foot, and to draw the 
1-ft. prossnro contours for tin* conditions shown in the pipe network in Fi^ 213.^ 

Solution: Kssontial computations arc shown in Table (58. (^oliiinns 1, 2, 3, 4, and 
6 are data. 

Tho (irst stop is to coniploto linos I to 4 in columns 6 to 15. 

'This network was used by (i. M. Fair in a simplification of tho Hardy Cross 
method publish(*d in Kng. Newit-Jitrord, Mar. 3, 1938, p. 342, and in subsociuont dis¬ 
cussions and simplifications: W. K. Howland and F. Farr, Jr., Eng. Xeirs-Rvcord, Fob. 
27, 1941, p. 50; and by J A. Conklin, Eng. Xrws-Record, Sept. 11, 1941, p. 96. 





T\ble 68—CoMPiTAiioN*^ OF Head Los‘^^s B\ Hvrdy Cross Mi-thod i-or Pipfs Shown in Fig 213 


DESIGN OF DISTRIBrriON SYSTEMS 
,„| S IS IS IS I IS !3 IS S I IS I.*: IS IS 



1J«»Y 


s 

04 


!' 1 

J- 

s-j J Ut () 

i 

1 

i 

CO 

SI 




O 


-g 

C 


o 

O' 



- 047 




a 1 

W 


g 

+ 




28 


s 

5 

S 

o 

s 

§ 


t- 

CM 

1 


I 

I 

i 


o 

uf) 

2000 

503 

»rs 

CM 

2 

1" 


jq 

. 

QC 



o- 





U 

04 

2 


04 

(uoqxujoi) (j 

to 

S' 

oc 

04 

to 

s 

ar 


eo 

C-l ' 

d\ 

to 

io 

to 

QO 

»o 

04 

oc 


S 1 



04 

? 




^M 

w 


O 

8 

4- 




8 ' 

'b^\ 

CO 

04 

i 

1 S 

1 s 

1 

s 

1 ‘d-* 

05 

to 

8 

itl 

i 

04 

04 

1 

2 1 


o 

8 

i 

11 

8 

1 

- 

. V; 

or 

o'_ 

: 

^ 1 

1 CM 

1 "to" 
CO 

1 

2 ^ 

(noq >>J4o)) 

1^ 

i 

j y 

1 ! 

O^ 

l_04 


2 1 

«f) 

1 

j or 
or 

[lj 

1 

1 ^ 



IS IS IS IS 

1 q_] « I c I jN 

111 [: I g ' g 


1 I § 5 I f 

1 ^ S'I 
I?,- 1 ^ I- 


^ O 00 

2 S 2 i:: 


! _ 


j — .n I « I to 

Is ?i I 2 I 

I (M O- I ir> I 04 

I I SI I 2 I 

j 0> I S’ Ud I 04 

I;;; I S 1 2 I ?, 


5 I 5 ' 
S? i o I 


I e'l i <C> i CM . 

I? If^ 


(IK)I) ) UJO )) 

I uinuo ) vfq) () 

S1S4J ^AIPIU — i I 

I ) ^uoiJUJXij I 

I BJqJUI I 

n 000 I | 

I joquimi .4(lij 


t-. or r \4 
»0 04 

4- I 4- I I 


•o I .o I 
_04 O I oj 

^ CM CO I 


I ^ CM I or I £V 

2 I ^ I 2 I 2 

j / I a I to I en 

I Ic I 2 M 


h^: I 2 I 'o’; 

■t I M I I I 

ri I .-1 O I O 

I - I - 2 I 2 

I 8 8 18 12 




Computations taken from > eirs-Record, S*pt 11 041, 
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Column 6 is computed from the expression 

K 

f SB* - 

85 ^ 4.86 


Solutions of this expression are given in Table 67. 

C'olumn 7 may V>e assumed as any convenient percentage of the total appropriate 
to the principle that total flow into an intersection is equal to total flow from that 


( 1 )^ 2000 ' 


12 * 


(5i 


^ (4)=2000' 8" 

500' 6" 

$ $ 

(7) 


500' 8" 



1 1 

§ $ 

^ f10)-2000' 6" ^ 

(12) 


SOO' 6" 


FicJ. 213.- Pipe network for Cross method of computation of distribution losses. 

originally nelected by O. M, Fair, E7ig. Niw»-fit cord, Feb. 27, 1941, p. 50.) 


{Layout 


intersection; or it may be comput(‘d by Conklhrs nu'lhod, explained in Sec. 389. In 
this example it has been computed by Conklm's method. In any circuit the plus 
sign indicates that the direction of flow Is from the point of assumed inlet into the 


Table 69.— Values of the 0.85 Power of Xi wbers 


N 

0 

1 

2 

3 

1 4 

» 5 

« 1 

7 

8 

9 

0 

0 

1.0 

1.8 

2.5 

1 

3.2 

3.9 

4.0 

5.2 

5.9 

6.5 

10 

7.1 

7.7 

8.3 

8.9 

9.5 

10.0 

10.6 

11.1 

11.6 

12.2 

20 

12.8 

13.3 

13.8 

14.4 

14.9 

15.4 

15.9 

16.4 

16.9 

17.5 

30 

18.0 

18.5 

19.0 

19.5 

20.0 

20.5 

21.0 

21.5' 

22.0 

22.5 

40 

23.0 

23.4 

23.9 

24.3 

24.8 

25.3 

25.8 

26.3 

26.8 

27.3 

50 

27.8 

28.2 

28.7 

29.1 

29.6 

30.0 

30.5 

j 31.0 

31.4 

31.9 

60 

32.4 

32.9 

33.3 

33.8 

34.2 

34.7 

35.1 

1 35.6 

36.0 

36.5 

70 

37.0 

37.4 

37.9 

38.3 

38.7 

' 39.1 

39.6 

40.0 

40.5 

41.0 

80 

41.5 

42.0 

42.4 

42.8 

43.3 

1 43.7 

44.1 

44.5 

45.0 

45.4 

90 

45.8 

46.3 

46.7 

47.1 

47.6 

48.0 

48.4 

48.8 

49.2 

49.6 


circuit, to the point of assumed outlet from the circuit. The minus sign indicates the 
reverse direction of flow in the circuit. The aim is to balance the plus and the minus 
head lossw's. 

Column 8. This figure corresponds with the last preceding corrected vahu* in the 
table for this particular length of pipe. There are no corrections to be applied in 
line's 1 to 4. 

Column 9 is column 8 raised to the 0.85 powder. Values are given in Table 69. 

Column 10 is the product of columns 8 and 9. 

Column 11 is the product of columns 6 and 9. 
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Column 12 is the product of columns 6 and 10. 

Column 13 is the difference between the sum of lines 1 and 2 and the sum of lines 
3 and 4 in column 12. 

Column 14 is computed from formula (1) on page 355. It Ls column 13 divided by 
the sum of lines 1 to 4 in column 11, disrc'^arding sign, multiplied by n. 

Column 15 gives corrections applied to column 8. 

The next step is to complete lines 6 to 9 in columns 7 to 15. The procedure is as 
before except that the figure entered in column 8 is the latest preceding corrected value 
in the table. For example, in line 8 the corrected figure 28.8 is inserted to corresjK)nd 
with the correction in line 2, column 15. 

A similar procedure is followed until the values of AQ are as small ns desired, in 
this case less than 0.1 per cent. Values of rate of flow are computed in cubic feet per 
second and are entered in column 31: head losses are computed by the Hazen and 
Williams formula and are entered in column 32. 

The 1-ft. pressure contours are then drawn, as indicated in Fig. 214. 



Fig. 214.— Pipe network bhowiiiK piezornetric contours, 1-ft. intervals. 



389. Assumptions of Rates of Flow. Good judgment in the assump¬ 
tions of rates of flow in a distribution system may diminish the computa¬ 
tions required in a complete analysis of the flow distribution. Judgment 
may be guided by the approximate relationship 

=- (3) 

Qi + Q, -h r2« 


in which Qi represents the rate of flow in one pipe taking water away 
from a junction, Q2 represents the rate of flow in the other of two pipes 
taking water away from the junction, and ri and r2 represent, 
respectively, the relative resistances in each of the two pipes. 

The relationship can be proved as follows: 

It is known from the Ch^*zy formula that 
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where Qn = rate of flow in a pipe 
dn == its diameter 
In = its length 
fc = a constant 

It is shown in formula (2j that, based on the llazen and Williams formula 
for a unit length 

F 


r = 


fl4J 


(5) 


in which F is a constant. It can be shown tliat for the Ch^zy formula 


FI 


(b) 


Then, substituting Va{. ((ij in K(j. (4j we liave 


Hence, 


Qn = 


K 


Qi ^ 

(h + (h ' r,'- + 


It can be shown similarly that 

Qi + (J2 + Qs 


(7) 


(HJ 


where the subscripts indicate the floAvs and resistance's, n'spectively, of 
three pipes taking wat<*r away from a junction. 

The solution of the following problem illustrates the a.pplication of 
formula (3) to the distribution of flow in a pijx' iK'twork. 

I^roblcrn: If 1(K) g.p.in. is cntcrinjj; ;i jujiction fniin uhicli tlir flow is carrioil away 
by pipe A with a r(‘lativ<* n*sistanc<‘ t)f 9, and by jape B with a rrlativr nssistanrr* of 1, 
what is the rate of flow’ in each pip(‘? 

Solution: 

Qa 

Qa + Qh r'A 

Qh = 100 - (^4 = 100 - 40 = 110 


rn ’ 

*2 I * ** 

+ rii 


Qa 


100 


( M = 

\2 + 


40 


The principal has hvvn tipplied by C\)nklin.^ The application of the 
method to a complicated pipe network or to one in ^^hich relative resist¬ 
ances ditTer widely bi'tween pipes may lead to large errors, because the 
division of flow at each junction is controlled by the relative i*esistance's of 

1 (k>NKUN, J. A., ‘‘Flow' in Pipe* Networks,” Knff. Nnrs-Record^ Sept. 11, 1941, 
p. 93. 
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all pipes at and beyond that junction, and not alone by the pipes at the 
junction. 

It may l)e concludt'd that good judgment, guided possibly by a 
judicious application of what may be called Conklin’s method,'’ is tlie 
proper procedure in the first assumpticjii of flow distiibution bc'fore tlie 
application of the Cross method of analj^sis to determine tlic correct 
distribution of flow. 

390. Pressure Contours. Pressure contours may l>e drawn for all 
reasonable extremes of put in and take olY in a distribution system. In 
general, the contours should be spaced to show a liead loss of about 3 to 



{AJ (B) 


Fi(.. 215. Pm'ssiih* <*oii<ours. 

5 ft. per 1,000 ft. of 21-iii. pipe down to about 25 ft. p(‘r 1,000 ft. of l-iii. 
pipe. Hydraulic de^ficieiicies in distribution systems' })e‘coine‘ aj)parent 
through uneven spacing of jjressure contenirs. Pressure^ contours for two 
conditions of put in and take off aje shown in Pig. 215. d'h(‘ contours in 

Fig. 215J indicate that the pipe's in the lower right-hand e*orne‘r are too 
small for the assumed condit ie>ns e)f flow. 

391. Service Pressures. The pressures to be* maintaine'd in a dis¬ 
tribution system for all services otheT than for fire' prote*ction should lie 
between 30 and 100 p.s.i.; 40 to 50 p.s.i. in the vater pij)e' in the street 
furnishes satisfactory service. Pressures be'low 30 p.s.i. are too le)W to 
supply water at a satisfactory rate to the uj)peT storie's three'- and four- 
story buildings. Pressures over 1(K) p.s.i. reepiire' lieavie'r wate'r pipe's and 

' 8oe also Kincaid, R. O., and R. K. McDonnell, “C’baraotcristic 1 h'ficie'ncicH ot 
Distribution Systems,” Jour, A.W.W.A.j October, 1946, p. 1151. 
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greater care in construction and the maintenance of the distribution 
system and cause trouble in plumbing installations. The public water 
supply is not always delivered to the top floor of the tallest buildings in a 
city. It may be delivered to the fourth or fifth floor. Above that height, 
booster pumps must be installed in the building. 

392. Fire Pressures. Three methods are in use for furnishing fire 
pressure. Tliey are as follows: 

1. Full fire prc'ssure constantly maintained in the distribution system. This 
method is used principally in the smaller water-supply systems, and the pressure 
maintained is fr(*qu(*ntly too low for siiti.sfactory fire protection. 

2. The pr<*ssure is siipplied <*ntirely from the pumping station, where, upon an 
alarm of fire, it is increased as required. This method of op(*ration is used in cities of 
small and moderate size. As the cities increase in size, the number of fire engines in 
use is incrcMised, until full dependence is placed upon them. 

3. Fire pressure is secured through mobile pumping engines that draw wat<*r from 
a hydrant near the tire. Tin* pressure on th<‘ pumping station is not increased under 
these conditions. This method of fire protection is used in the largest cities. 

The proper pressure for fire protection is usually expressed as the 
pnvssure re(|uir(‘d at the fire nozzle. The National Hoard of Fire lender- 
writers recommends 75 p.s.i. where more than ten buildings exceed three 
stories in height; 00 p.s.i. in localities \Nith less risk; and in thinly built-up 
districts, 50 p.s.i. When* fire engines are used, the board’s recommenda¬ 
tions permit a minimum pres.sure of 10 p.s.i. at the liydrant, under 
unusual conditions. A piTssure of 20 p.s.i. is considered satisfactory 
und(*r most conditions where fire engines afe used. 

393. Location of Valves, Tees, and Specials. Valves should be 
placed on all branches from feeder mains and b(‘tween fec'der pip(\s and 
hydrants. Ordinarily not more thaii three valves are placed at a cross or 
more than two valv(‘s at a tee. When there is a clioice of position the 
valve should be placed in the smaller of two pipes joiru‘d at the cross or 
tee. In no case* should a length of j)ipe greater than 1,200 ft. be left with¬ 
out valve control. In high-value districts 500 ft. should be the maximum. 
V(u*y few syst ems are sui)pli(*d \\ it h too many valves. In t he construct ion 
of a distribution system it is customary to install only the most essential 
pipes in the expectation that the remaining pipes in the design will be 
installed as the demand increases. I'rovision for expansion should be 
made by the installation of the necessary specials, tees, crosses, elbows, 
bends, etc. Liberal use of specials that will permit easy connection to the 
distribution system is highly desirable, since it is not possible to foresee all 
desirable extensions at the time of design. 

394. Location of Fire Hydrants. I’he spacing of fire hydrants is 
determined by the area that each hydrant serves. The area is partially 
governed by population, value of the district, and the method used for 
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obtaining necessary fire pressure, t.r., direct from pumping stations or 
portable pumpers. Table 70 shows areas per hydrant approved by tlie 
National Board of Fire Underwriters. 


Table 70.— Fire Flo\h and Hydrant Areas 
(National Board of Fire Underwriters) 



Required fire flow 

1 Average area per hydrant. 

Population 

for average city, 

1 square feet 


gallons per minute 

Engine stieams 

Direct strt»ain8 

1,000 1 

1 1,000 

120,000 j 

100,000 

4,000 

2,000 

110,000 

85,000 

10,000 

1 3,000 

100,000 

70,000 

100,000 

' 9,000 

55,000 

40,000' 

200,000 1 

1 12,000 

40,000 

40,000 


*40,000 All. ft. is the maxiniurn allowanro for tliroct MlioaniA in all (‘ituv4 luivinK a of 

28,000 oi more 


The designer should study also hydrant spacing on the basis of 
economy. Using reasonable assumptions, the annual expense of a 
hydrant is less than the annual expense of tvo 5(Mt. l(‘ngths of standard 
fire hose. Furthermore, the loss of pressure is usually much gr(*ater 
through the hose than through the pipe line serving tlu' hydrant. There* 
is also an advantage that accrues to the consumer through a n*duction 
in insurance rates resulting from an appiamnl spacing of hydrants. 
Hydrants should be placed at street intersections and at such interm(*diate 
points as may be required by si)acing. 

Some recommendations concerning hydrant location that may be 
modified by local conditions include the following: (1) Place* hydrants 
more than 2 ft. and less than 6 ft. from the edge of a paved road surface*, to 
avoid interference by traffic and to minimize the length of suction hose to 
mobile pumpers. (2) Place hydrants 3 ft. or more away from fixed 
objects, or doorw^ays, and out of traffic lanes. (3) Set the hydrant so that 
the lowest outlet is 18 in. or more above ground surface and the highest 
operating nut is not more than 48 in. above the ground surface. 

A convenient procedure in locating fire hydrants is to draw' a circle 
with a radius of about 80 p(*r cent of the assum(*d permissible k'ngtli of 
hose, w ith a hydrant as the center of each circle. It may be assumed that 
areas not within a circle are inadequately protected. High-risk ar(*as 
should be protected by at least two fire hydrants within reach of every 
part of the area. 

395. Fire Streams. The factors of importance in a fire stream are 
the number of gallons per min\ite passing the nozzle, the height of use¬ 
fulness of the stream, and the distance at which it is useful. These 
factors are determined by the shape, size of opening, interior smoothness, 
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and the pressure at the base of the nozzle. A standard type of fire nozzle 
is illustrated in Fig. 210. The distances and heights to which various 
quantities of water will be thrown l^y fire streams are listed in Table 14. 
Losses of head in hose and hydrants may be determined by the methods 
given in Sec. 47. The effective reach of a fire stream can be computed by 
the Goldsmith formula^ 

11 = v^(24()/^~^-»2~=^|79()0) - 15 (9) 

in which // is the height, in feet, for a ? nozzle, and P is the pressure 
on th(» base of the nozzle, in pounds per square inch. For larger nozzles, 

increase // by I ft. for each additi()nal * s in. 
nozzle size for pressures below 50 p.s.i., and 
by 2 ft. for pn»ssures above 50 p.s.i. 

The total capacity of fire streams to })e 
provided depends upon the size of the city 
and the character of risk recjuiring protec¬ 
tion. Empirical formulas liave been recom- 
mend(‘d as stated in Sec. 51. These include: 
Kuichling: 

Q = 700 \/P (10) 

National i^oard of Fir(‘ rndervrit(*rs: 

K.',' 

in which P is the population in thousands. 

A study of current j)ractice in lire protection will show the use of 
streams in well-protected cities with a dihcharge between 175 and 250 
g.p.m., with pr<‘ssur(‘s on the bas(‘ of the nozzle between 10 and 100 p.s.i. 
Goldsmith- n'comnuaids a minimum of 50 p.s.i. Where pressure^ are 
provided by fire (engines drawing their wat(T from the hydrant, tlie 
pressure in th(* distribution system need not Ix' incrcaised, thus removing 
one cause of leaks and breaks in distributing pipes. 

In general it can Ih‘ considered satisfactory in a residential district 
with no special risks, such as churches and schools, to have available for 
each building not less than four st reams of 175 g.p.m. each with a pressure 
at the base of the nozzle of not less than 35 p.s.i. In business, industrial, 
and othe^r districts, wliere risks of special value* and hazard are to be 
protected, the capacity, number of strenims, and iiressures available must 

^Goldsmith, C\, “Kflicitait rtilizatioii e)f WateT for Fire Fighting,” Jour, A.W, 
W,A., l)e*conihor, 1939, p. 2027. 

* Ihid. 




l’'r<i. 2Hi Staiiduid t^pc of 
fire lioHc nf)2!2l(' VMlh ioiiifllos. 
(Couittfty of Elkhart Ihasn Mfy. 
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be increased. The recommendations of the National Board of Fire 
Underwriters in this regard reeiuire somewliat more generous protection 
than is provided by many waterworks. These recommendations are as 
follows;^ 

In estimating required fire flow, an allowance is made for probalde loss from 
broken connections incident to a large fire. Including this allowance, the total fire 
flow which should be available is approximately as given by formula (11); but, in 
all cases, consideration must be given to the structural conditions as found in the 
city, and also to the number of companies in the fire department and the amount 
of outside aid that could be called u{>on in case of a serious fire. The ratio of the 
total engine capacity to the fire flow reejuired will be apj^roximately 2:3. 

In residential districts, the required fire flow depends upon the (‘haracU'r and 
congestion of the buildings. Sections where buildings are small and of low height 
and with about one-third of the lots in a block built upon recpiire not less than 
,'>()() g.}).ni.; with larger or higlier buildings, uj) to 1,000 g.p.in. is rcMjUired; and 
where the district is closely built, or buildings aj)proach the dim(uisi(»ns ol hotels 
(»r high-value residences, 1,-500 to 3,000 gal. is requiied, with up to 0,000 gal. in 
(h‘ns(*ly built sections of three-stoiy buildings. 

In grading the iidocpiacy of the wat(*r supply, two featur(‘s arc con- 
sid(‘red: 

1. The ability to deliver fire flow at any pressure down to 20 lb., excej)t that a 
minimum of 10 lb. is permissible in districts h.aving no deficiency in items . . . 
and having all hydrants j)rovided with at least (>n(* steamer outlet; this is a 
measure of the ultimate ca]){icity of the system to maintaiii sujqdy of some sort 
under conflagration conditions and uith the system in full operation. 

2. The ability to deliv<*r this fin* flow or a i)art thereof at j)r(‘ssures j)ermitting 
streams direct from hydrants; these pressures arc* assumed at 75 lb. or more in 
higli-vahie districts, dei)ending upon the static })ressure available, the heights of 
Imildings and the amount of engine capacity in service; (>() 1}>. vhere not inorci 
than ten buildings exceed thr(*e stories and in closely built n‘sid(‘ntial districts, 
and 50 lb. in village mercantile* districts vhc‘n‘ buildings do liot t‘x<*(M‘d two stori(*s 
and in thinly built residential districts. . . . 

High-voltage electric transmission lines in a fire area may Ik* a source 
of danger to fireman l^ecaiise of the* possihlity that an el(*(dric. curr(*nt may 
follow the fire stream and cause loss of control of the nozzle* or direc.t 
injury from electric shock. Tests by Sprague and 1 larding-' indicate that 
the relative danger is dependent upon the sensitivity cjf the individual, the 
voltage of the transmission line, the distance of the nozzle from the line, 

1 ‘‘Standard Schedule for Grading . . . Fire H(‘fen.ses,” National ik>ard of Fin; 
rnderwriters, adopted J>ec. 14, 1U16, c*dition c»f 1942, p. 14. 

* “Electrical Conductivity of Fire Streams,*^ Purdue UtlIv.j Erig. Bull. 53, 1936. 
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and the resistivity of the water which may vary from 500 ohms per 
milliliter for mineralized well water to 6,000 for filtered river water. 
Allowing]; a generous factor of safety, minimum distances from nozzle to 
transmission line for a 3,000-ohm water should be 3 ft. for a 440-voIt line 
and 33 ft. for a 13,200-volt line. The stream should not be allowed to 
strike the line if the voltage is higher than 13,200. 

396. Studies of Existing Systems. Studies^ to determine the capacity 
of an existing distribution system are made by direct observation of flows 
and pr(‘ssur(»s. Direct observations may reveal closed valves, air pockets, 
errors in records of pipe connections, and other conditions. 

I'ln* methods used involve the construction of pressure contours 
during normal and fire demand. Points on the pressure contours are 
determined by observations of pressure at selected points on the dis¬ 
tribution system. Jlecaus(‘ of fluctuations in pressure, observations are 
best ma(h' by nrording gages. In the study of fire demand groups of 
four to six hydrants ar(‘ selected along the larger mains. A central 
hydrant in each group, pr(‘f(*i*ably taking water directly from the large 
main, is us(‘d to include tlu' static pressure in the group, before and during 
the t(‘st., wh(‘n vvaUu* is drawn at measured rates from all other hydrants 
in the group. 

also Booth, Cl. \V., “Practical Studies of Distribution Systems,” Jour, 
A.W .W.A., SepteinlxT, PMt, p 957 and Kin( Ain, H. (1., “Analyzing Distribution 
Systems,” Wattr Workti Eng., Oct. 18, 1944. 
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CONSTRUCTION AND MAINTENANCE OF 
DISTRIBUTION SYSTEMS 

397. Safe Practice. In the const ruetion and maintenance of a water- 
works-distribution system the ''JManual of Safe Practice* in Water Dis¬ 
tribution/’* will be found to be a valuable guides It contains standards 
and specifications applicable in design, construction, and maintenance. 

398. Work Involved in Construction. The laying]; of water pipe 
involves transportation and handling of the pipe and materials, ditching 
and excavation, backfilling, rights of ^^ay, and other problems common to 
construction work. Only conditions peculiar to the laying of water 
mains are considered here, because the space retpiired for a proper 
consideration of all construction methods is not available. 

When pipes, specials, valves, and other appurtenances to a water¬ 
works distribution system are delivered on the site of the work, they 
should be inspected for defect, and all rejected parts should b(‘ immedi¬ 
ately removed from the work. The following extracts are taken from 
specifications covering the laying, testing, and acceptance of cast-iron 
w^ater mains 

Pipe Lduwg, Each pipe shall he laid upon a firm bed and, except on curves, 
all j)if>es shall be laid in a straight line. Excavation must be made under the bell 
of each pipe, so that the entire length of the ])i])(*, exce])t th(‘ bell, may })e sup¬ 
ported on the bottom of the trench. All })ij)es, specials, valves, and apjmrte- 
naiices sliall be cleaned by brushing and by thoroughly scraping out all dirt or 
other foreign matter before laying. 

The ends of pi|>e shall closely abut upon each other, and the spigot shall be 
concentrically placed in the hubs or bells, so as to admit a uniform thickness of 
gasket and lead. The calking shall consist of the specified (piantity of well- 
rammed untarred rope yarn or jute above which shall be poured a sufficient 
quantity of melted lead to stand flush with the outside* of the* bell of the pipe 
when the lead is compacted. The lead shall be comjaicted with a calking ham¬ 
mer and thoroughly driven around the entire circumf(‘r(*nce of the ])ipe. 

The contractor shall put caps or plugs on all unconn(‘cted ends of j)ipe and 
on all unconnected crosses, tees, ami branches or wyes. Pipes laid around 

^ Published in Jour A.W.W.A., June, 1942, p. 917. 

2 See also "Tentative Standard Specifications for Laying Cast Iron Pipe," Jour. 
A.W.W.A., Vol. 30, p. 215, 1938. 


367 



368 


WATER SUPPLY ENGINEERING 


curves shall be properly blocked with brick or concrete to take the reaction, and 
all plugs and blanked openings shall be secured by masses of concrete. 

The work of laying the pipes and s{)ecial castings and of setting of valves, 
hydrants, and apjnirtenances sliall be of such character as to leave all the pipes 
and connections watertight. To assure these conditions, the contractor shall 
subject the pi\ye and all appurtenances to a proof of water pressure of not less 
than 110 p.R.i. 

Testing Pipe Joints irt Trenches. The tests shall be made between valves and, 
as far as practicable, in sections of approximately 1,000 ft. in length and within 
12 working days of the compl(‘tion of such sections of mains. The leakage 
from the mains ami coniu^ctions for each section tested, while the pressure is at 
no p.s.i., shall not l)e greater than at the rate of 1,S00 gal. i)er 24 hr. per mile of 
pi|)e, for pipe 14 in. in diamet(*r or less. To determine the rate of leakage, the 
contractor shall furnish a suitable pump, pressure* water meter, or other 

appliance, fe)r measuring the arnmint of water pumped. The })ressure shall be 
raised to 110 lb., and it shall be so maintained for a period of not less than 20 min. 
If the leakage be at a greater rate than that s})ecified, the contractor shall reexca¬ 
vate the trench when* necessary and shall recalk the joints ar)d replace defective 
work until the leakage* shall be reduced to the allowable* ame)unt. 

Where* it is impractie*able* to te*st between yalve*s, or ne‘ar ce)nnectionR to exist¬ 
ing mains, the e*ontract(»r shall . . . tempe)rarily place e*apR or plugs on the mains 
and te*st the se*ction of the main so close*d. 

Pipes .sbe)uld usually he* laid with the be‘11 end upgrade fe)r greater ease 
in making jennts. In ge*ne*ral, wati*r anel sewer pipes should not be 
phiccHl in the same* trench but, wbe‘re* e)the*rwis(* unave)ielable‘, the winter 
pipe she)ulel be* laiel biglie*r than the sewer and to one siele e)f it. 

399. Raising and Lowering Water Mains. Maintenance work may 
involve the changing of the ele'vatiem e)f water pipers e)wdng to regrading 
and paving of str(*e‘ts. \Vat(*r pipe*s have* b(M*n raised e)r hwered under 
pressure, without seriously affecting service, by placing blocks and jacks 
under the pipe's anel changing eiire*ctiem a little at a time. I'bere is 
appn'ciable flexibility in le*ael je)ints te) permit movement of the pipe.^ 
Kven sulphur anel ceme*iit je)ints alle)W' se)me deflection. Pe*rniissible 
deflections de'pend on the type e)f je)int cemipe)und, pipe diameter, anel 
internal pressure*. 

400. Disinfection of Water Mains.- M'at(*r mains must be disinfecteel 
before benng put inte) use and, se)m('tim(*s, eluring use.'* Hefe)re elisinfect- 

1 Se*e* alse) Hcshw’W, W. B., “How To Hniso and l^owcr Mains und(*r Pressure,” 
Am. ('iiii, September, 1914, p 99; and HemiE, K. W., “ l)efle*ction and Le*akage 
Te»«ts,” Am. Citijf Se*ptemb(*r, 1911, j). 71. 

= Se'f* also Heller. A. N., “The Disinfe'ction of t\ate*r Mains,” Jour. .4.BMP..! , 
I )e'ce*mbe*r, 1946, p. 1335. 

’ Te*niative* staiidarel spe'cifu’ations of the A.W.W.A., Jour. .4.ir.ir.i'l., Vol. 30, 
p. 235, lt)38, re'cpiire* that all ne'W pipe* lim\s shall be* chlorinate*d anel preivide various 
inethoeis there*for. 
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ing, the pipe should be flushed, drained, and refilled. In refilling, care 
must be taken to avoid entraining or entrapping air in the pipe, prevent¬ 
ing contact between the pipe and the disinfectant. The pipe is subjected 
to any one of the following three treatments, stated in order of preference: 
(1) A chlorine gas-water mixture is applied at the beginning of the pipe¬ 
line extension, or any valved section of it, at such a raie that with a slow 
flow of water into the pipe the chlorine dose shall not be less than 50 
p.p.m. The treated water is to remain in the pipe at leas! 3 hr. and 
preferably longer. At the end of the period the chlorine residual is not 
to be loss than 5 p.p.m. Follo^^ing chlorination the pipe is thoroughly 
flushed, tested, and, if necessary, rechloriiiated until a satisfactory 
bacteriological test is obtained. (2) A solution oi calcium hypochlorite or 
such commercial products as IITH, Perchloron, and Maxochlor or 
chlorinated lime may be used in the place of chlorine gas. After the pipe 
has been subjected to a preliminary flushing, a 5 per cent soluticui of any 
of the afore-mentioned powders should be injected into the pipe in a 
manner similar to that re(iuired for the addition of the licpiid chlorine. 
(3) Dry calcium hypochlorite or chlorinated lime may be us(*d in siudi a 
manner that there shall be 1 lb. of po^^der, containing 70 per cent avail¬ 
able chlorine, for every 1,080 gal. of ^^ater in the pipe, ecpiivahmt to 50 
p.p.m. of available cldorine. The dry po\\d(‘r is to be shak(‘n into the 
suction well of a pump or into a standpipe fe(‘ding the pipe line, or it may 
be shaken into each length of pipe as it is laid. After the materials ar(‘ 
introduced, water is admitted very slowly so tis to avoid W'ashing the 
powder to the end of the line. Aftca* standing for a few' hours the pipe 
should be flush(*d until no odor of chlorine can be dc^tected in the water or 
until a check can be made for residual chlorine. 

.lute packing and leathers in pumps, valves, and hydrants are difficult 
to disinfect and offer a focal point for the growth of bacteria. Methods 
used in the sterilization of jute and hemp, ])f'fore it is used in a joint, 
include^ (1) soaking in chlorine solutions of 50, 100, or .500 p.p.m. of 
available chlorine, for .5 min. to 2 hr.; (2) autoclaving with live steam 
under pressure for 1 to 30 min.; (3) boiling lor 1 to .30 min; and (4) baking 
in dry heat. Autoclaving with live* steam under pressure has proved 
most effective. Klerol (ortho-mercuro-phenol) is rei)orted by Calvert-* 
to be a satisfactory disinfecting agent. 

401. Work Involved in Maintenance. JMainttmance of a distribution 
system involves (1) keei)ing records; (2) finding, cl(‘aning, and flushing 
pipes; (3) installing, cleaning, and thawing service pipes; (4} preventing 

' See also “Methods and KfFici<*nry of Disinfecting .Jute Packing,” l*Mic Worh^, 
June, 1943, p. 18. 

2 Calvert, C. K., “Disinfection of New Mams,” Jour. A.W.W.A., January, 1945, 
p. 46. 
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waste; (5) finding and repairing leaks; (6) thawing frozen pipes, hydrants, 
and meters; and (7) inspecting, caring for, and repairing hydrants, valves, 
meters, and other appurtenances. 

402. Records. Knowledge of the location of every part of a water¬ 
works distribution system is essential to proper operation and main- 



Fio. 217.- Portion of conipri*lu*iKsivt» iiiup. (From " lifcommended Practice for Distribution 
Sitslern lOcoids” Jour. A H' February, 1P4(), p. ISS.) 

tenance.* Kxperienct' shows (hat poor records result in ‘Most” valves, 
cl<)S(‘d or partly (‘losed valves, valves duplieatetl, mains dead-ended near 
each other, and other costly an<l detrimental effects of carelessness and 
forgetfulness, (lood n^’ords sometimes discourage, and sometimes help 
to win, damage suits, aid in establishing water rights, and help to main¬ 
tain good public relations. 

Maps of the distribution sy.stem are the most important record to be 

* Soo also C/ommittcM* Heport, “KcroinnioiulcMl Practice for Distrihiition System 
Hecorcls,” Jour. il.UMr..4., February, 1940 p. 181. 
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ITEM 


JOB 

SKETCHES 


SECTIONAL 

PLATS 


VALVE RECORD 
INTERSECTION 
SHEETS 


COMPREHENSIVE 
MAP AND 
VALVE PLATS 


3''AND SMALLER MAINS 

4" MAINS 

6" MAINS 

6*' MAINS 

LARGER MAINS 

VALVE 

- VALVE,CLOSED 
VALVE. PARTLY CLOSED 
VALVE IN VAULT 

TAPPING VALVE AND SLEEVE 
CHECK VALVE (plow-*) 
REGULATOR 
RECORDING GAUGE 
HYDRANT 2-2j'*N02ZLES 
HYDRANT WITH STEAMER 
CROSS-OVER (two symbols) 
TEE AND CROSS 
PLUG,CAP, AND DEAD END 
REDUCER 

BENDS. HORIZONTAL 
BENDS, VERTICAL 
SLEEVE 

JOINT. BELL AND SPIGOT 
JOINT, DRESSER TYPE 
JOINT, FLANGED 
JOINT. SCREWED 


SIZE NOTED 




-O- 


-e- 



001 


ooWn 


bell'SPIGOT 




SIZE NOTED 

-1- 


24* 


w 








- 0 - 







<>- 

I 


...Q..f, 

( 2 ) 

■ ■ 


PLUG CAP 




12 '' 8 ’ 


NOTED 
NO SYMBOL 


■' ' I - 

/ 

““ --^NOTEO 

NO SYMBOL 


NO SYMBOL 


©OPEN CIRCLE* HYDRANT ON 4 BRANCH 
CLOSED '• * " “ 6" - 

©OPEN CIRCLE'4”BRANCH.0R NO 42"nOZZLE 
CLOSED » “ 6" AND WITH •• •• 

STEAMER NOZZLE SYMBOL IS CAPPED HORN 
HOSE »» »» •• UNCAPPED •• 


©-pgDlAM 


©-fj'DIAM. 


Fio. 218.—Standard symbols for water-distribution systems. {From ''Recommended 
Pra^iee for Diatrihution System Records,** Jour. A.W.W.A., February, 1940, p. 216.) 
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maintained. Three types of maps are desired: (1) a comprehensive map 
of the entire system; (2) a larger scale map showing details; and (3) 
plats and cards providing information on valves, hydrants, and other 
appurtenances. 

A portion of a comprehensive map is shown in Fig. 217, and symbols to 
be used are shown in P'ig. 218. Information to be included on the 
comprehensive map is listed in Table 71. The sectional plats provide a 
detailed record of distribution-system structures. Information to be 
shown on such plats is list(*d in Table 72. 


Table 71.— Information (‘on<’ernin« the Comprehensive Map 
Matpriul: Original -hoavy tracing cloth 
Prints—hlack line preferred 
Seale: Pref(‘rre<l .'itK) ft. pcT in. 

Maximum—1,0(K) ft. per in. 

Items to Be Shown on the Map 

1. Street naine.s 5. Orientation arrow 

2. Sizes of mains (J. Scale 

3. Kir(‘ hydrants 7. Date last corrected 

4. Valves 8. Com])l(‘te title 


Table 72.— lNFf)RMATioN to Be Shown on Sectional Plat 
Material: Original—h(*avy tracing cloth 
l*riiits -hlack line preferred 
20 by 25 in. plus 2- to 3-in. margins 
50 ft. p(‘r in. in cong<‘sted areas 
1(K) ft. per in. in residcaitial an‘as » 

2(K) ft. ])<T in. in rural areas 

Coordinates; horizontal spaces lettered, vertical spa(*<‘s numb(*red; or hori¬ 
zontal spaces even numbcTs and vertical spac(*s odd numbers. 

Items to Ih‘ Shown on Plats 


Size: 
Scab 


Index: 


1. Plat designation or number 

2. .\djacent pl/it numbers 

3. Strc’et names and widths 

4. Mains and sizes 

5. Materials of mains 

0. Years mains wen* installed 

7. Work orders of main installations 

8. l>istaii(*(*8 from property hiu's 

t). Pin* hydrants, numbers and elassiti- 
cations 

10. Valves and numbers 

11. Valve sheet designation shown in 

margin 

12. Intersection nuni})ers (if valve inter¬ 

section plats art* used) 


13. Block numbers 

14. lx>t nuinlxTs 

15. Hous(‘ numbers 

10. \\ ater account numbers 

17. Measurements to service* lines 

18. Siz(‘s of taps 

10. Sizes and materials of servi<*e lines 

20. Distance's, main to stop box 

21. Distances, stop box to property line 

22. Distanci's to angle points 

23. Distances to fittings 

24. Dead ends and n»easurements 

25. Date last corrected 

20. Orientation of north arrow' 

27. Scale 


A valve record and a liydrant record sliould be kept because of the 
importance of quickly obtaining information concerning them. Among 
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the things to be included on the valve record sheet are the size and make 
of the valve, direction to open, turns to operate, its number, street or 
streets on which located, and distance and direction to near-by reference 
points. Card records may supplement maps and charts, the cards 
giving information not shown on the map or chart. 

A well-maintained waterworks will include the following in a monthly 
record or report: (1) the length and sizes of pipes laid and retired during 
the month and the total mileage of each size laid to date; (2) the number 
of each size of valves; (3) the number, size, and types of fire hydrants; 
and (4) the number, size, and lengths of servic(‘s. In keeping records of 
work done and its cost the ^Svork-ordersystem should be followed. In 
this system a card record show's location and nature of w'ork; labor, 
materials, and equipment used, reclaimed, or retired; and the time 
involved. 

403. Scraping Water Mains.^ Water j^ipes re(iuire ckvining princi¬ 
pally to remove soft deposits precipitated from tlie waba* and to remove 
tuberculation and incriislation from the pipe walls OtluT materials are 
sometimes removed in chaining, such as lost tools, bolls, and valve parts. 
The economy of ch'aiiing has been frecpiently demonstrated through 
increased pipe capacity.- Pipes are cl(*an(Hl by pushing or pulling a 
scraping machine through them, such as the machine show'ii in Pig. 219. 

A common procedure is to insert the scraping machine into the empty 
pipe through a or T and to push the machine through the pipe by water 
pressure behind it. A cable may be attached to the scraper to permit 
its lecovery or to indicate its location if it sticks. The water pressure is 
us(*d to drive the tur})ine blades if they are included on the scrajxM*. 
Water passing through, or around, the scraper fluslies th(‘ scra])ings and 
soft d(*posits ahead of the scraper. The deposits may be removed 
through a hydrant at a lower elevation on the i)ii)(‘, or through th(‘ fitting 
through which the scraper is r(‘mov(*d from the })if)e. A successful 
turbine scraping machine may restore the pipe capacity, but it may also 
injure the pipe lining; therefore once scraping has Ixxm start(‘d it must bo 
repeated more or less fnxiueiitly. Scrapers travel about 1 m.j).h. and 
require a pressure of about ()5 p.s.i. when cl(*aning a 12-in. pip(\ Some 
mechanical scrapers that fit the pipe can be dragged through the pipe to 
clean it. 

404. Cleaning with Acids. Acids ma.y be used successfully, partic¬ 
ularly in small pipes, for the removal of deposits of calcium carbonate 

^ Sec also Baii.ey, J. F., '^Tho Scraping of Large* Wat(‘r Mains,” Water arid Water 
Eng., August, 1043, p. 317. 

2 See also Brown, J. K., “Is Water Main Cleaning Cood Kconoiny,” Water Works 
d* Sewerage, February, 1944, p. 72. 
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provided an inhibitor is combined with the acid. An acid inhibitor is a 
substance that inhibits the release of acid when an acid comes into 
contact with a metal. The film of hydrogen held by the inhibitor protects 
the metal against attack by the acid. The inhibitor does not inhibit the 
action of the acid on the calcium deposit. Inhibitors that have been used 



o o o o o ^ Brushes blanked Spider Brushes blanked Second Fi'rsI 


off to ad as pistons off to act as pistons scraper scraper 

DIAGRAMMATIC SKETCH OF COMPLETE SCRAPING ASSEMBLY 





J'T<i. 2H». Water pii>e MTajior. (From ./. F. Bail*y. Water and Water Eng.^ August, 1943, 

p, 318.) 


successfully inclu(l(* bran, flour, glue, and such other organic substances as 
aniline, pyridine, and quinoline. Inhibitors containing arsenic should 
not be used.’ before any rntiterhil is sed(*ctcd as an inhibitor, its effec¬ 
tiveness as such should be tested for its rate of hydrogen evolution from a 
standard metallic sample, under the same temperature, acid concentra¬ 
tion, and other conditions in which it is to be used in the field. ^lick’* 
reports that a 0.7 per cent hydrochloric acid solution and 2 per cent 


* See also Holi.ett, A. R., “The Use of Inhibitors in Arid Solutions Employed to 
Clean Water Pipes,” Jour. A.HMr.A., May, 1937, p. 663; and Wordell, V. A., 
“Use of Inhibitors in Preventing Corrosion by Aeids,” Chem. and Mm. Rev.y Voi. 27, 
p. 286, 1935. 

* Mick, K. b., “Cleaning Encrusted Pipe Lines and Vacuum Filters with Inhibited 
Muriatic Acid,” Water *1* St wage W''orA*«, April, 1946, p. R-241. 
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aniline oil dosage will cut corrosiveness of acid by 44 per cent, and a 2 per 
cent aniline oil dosage in a 5 per cent acid solution will cut corrosion by 
97 per cent. 

406. Emptying Water Mains. Water mains must often be emptied 
before cleaning. This may be done by opening a blowoff valve or other 
outlet in the lower end of the pipe and opening a hydrant, s(*rvice connec¬ 
tion, or other opening at the upper end to admit air. Under favorable 
circumstances some of the water may be drained from t he main through a 
hydrant, only the remainder l)elow the hydrant level draining into the 
excavation from which the water must be pumped. In some cases 
compressed air, admitted at a high point, has been used to expel the water 
from the main through a hydrant, thus expediting the emptying of the 
main and avoiding pumping. 

406. Flushing Dead Ends. Because of tlie accumulation of rust, 
organic matter, and other material in the quic't water in d(nul ends, 
undesirable odors, tastes, and color, occasionally accompaniinl 1>> ])utre- 
faction, sometimes occur. Boutine inspection and thorough flushing may 
be the remedy. Improper or inade(piate flushing can make conditions 
worse by stirring up sediment without removing it. Flushing is usually 
accomplished by opening a hydrant \\ide and allowing water to run until 
clear. In a few' cases compressed air has been forced into tlie main to 
increase velocity and agitation. 

407. Air Locks. Loss of capacity of water pipes, either in a long pipe 
line or in a network, may result through the accumulation of air in a 
high point in tlie line or network. Such air locks cannot be forced. 
They may be relieved by the installation of an air valve or prev(*nted by 
low'ering the pipe. 

408. Cleaning Service Pipes. Service pip(*s clog more easily than 
mains owdng to tuberculation and sediment. Service pi])(‘s must be 
cleaned by dragging or pushing a scraper or by blow ing compressed air 
through them, since they are too small to permit tlu' use of a turbine 
scraper. Tools such as cutting knives, bruslu's, drags, and scrap(*rs that 
can be attached to flexible rods and twisted by power are available.* 
Sometimes the pushing of a soluble object such as toih't paper through the 
service pipe is helpful. Trentlage^ reports beneficial results in 70 per 
cent of the attempts, and bursting of pipes in only 10 per cent, when 
suddenly releasing a mixture of air and water at a pressure of 1,4(X) p.s.i. 
into a clogged service pipe. 

' Sec also Carlton, L (1 , “Installation and Care of Services,” Water Works Eng., 
Sept. 11, 1940, p. 1150. 

* Trentlage, LaV., “Service Shooting,” Water Works & Sewerage, June, 1943, 
p. R-113. 
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409. Cleaning and Disinfecting Reservoirs. The cleaning of reser¬ 
voirs is a routine maintenance duty. The frequency of cleaning and the 
methods used depend on local conditions and ingenuity. INIethods used 
include draining, hosing, scrubbing, scraping, and refilling. Disinfecting 
may be accomplished by draining and refilling at the same time that a 
dose of hypi^chlorite is applied to give a concentration of free chlorine of 
about 1 p.p.m. to the water. 

410. Waste Surveys and ControL A large amount of water passing 
through a pumping station may be unaccounted for. (Cities with all 
services metered are sometimes unable to account for as much as 20 to 30 
per cent of their pumpage. However, the expression of unaccounted-for 
water as a percentage of the pumpage may be misleading since the meter¬ 
ing of one large consumer may decrea.se the percentage while the (plantity 
of water wast(‘d will ivmain the same. 

Unaccounted-for w'at(‘r is not ncwssarily all leakage. Some of it may 
r(*present low flows jiassing through meters too large for the service, and 
some may repre.s(*nt stol(‘n water. I^(‘akag(‘ and waste surveys have 
commonly reduc(‘d botli total consumption and unaccounti^d-for water. 
L(»aks are und(‘sirable both be(*aus(‘ th(\y waste water and bocau.se they 
dang(»rously und(‘rmiTU‘ j)avem(‘uts and .structures. Abandoned service 
pipes are a prolific caus(‘ of leaks. 

Waste .surv(\vs arcj conduct( h 1 by isolating a section of the water 
distributing sy.stem by closing the valv(\s controlling the flow' of water 
thereto so that all the water to tin* isolated district passers through a single 
pipe. The flow' through this pip(* is mea.sunMl, and if it is found to be 
givater than normal, the “isolatcHU’ district is divided into smaller 
districts and the .source of abnorimd consumption locatc'd more elo.scdy. 
''File rate of water flow may Ix' measunxl by ins(M’ting a jhtonuden- into the 
pipe.' As this may nec(*ssitat<‘ uncov(Ming the j)ip(‘ ])y excavation and 
boring a hole for the insertion of tin* pitonieter, the following method is 
sometinu's u.sc'd. All tlu* valves in a section of the Avatenworks distribu¬ 
tion .systtun are clo.sed, and watcu- is fc'd to the district through om* or more 
fire ho.se.s, (Hiuii)p(Hl with meters, which are connect('d to liydrants on 
either side of the closed valves. 

When exc(\ssive consumi)tion is located in a particular district, house-¬ 
to-house in.s])ection of plumbing may be eonduct(xl to locate the AA'aste. 
Theft of w'ater can sometinu-s be di-tected by such .suiw^eys. 

411. Illegal Use of Water. Tin- illegal use of Avater is usually ned a 
serious economic matter, but it .should be guardcxl against as a matter of 
[>rinciple. IlU-gal methods include by-passing annind the meter. calle(i a 

' also Coi.K, K. S, “ ProH(’!it-(lay Scope of Pitoinoter Surveys,” Jour A W. 

February, 1945, p. 181. 
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‘^jumper'’; inducing low, unrecorded flows through the meter, called 
‘‘dripping'’; in flat-rate services, supplying a neighbor through a liose or 
turning on water without notifying the water company; drawing water 
from hydrants without permission, most commonly done by builders; 
tampering with or reversing the recording mechanism on the meter; 
wrecking the meter dials; and using hidden connections beyond the meter. 
Alert and observing meter readers and other waterworks employees, 
encouraged by rew^ards for the discovery of illicit use of w ater, are the best 
cure for such abuses. 

412. Finding Pipes. Where records are inadetpiate, underground 
and subaqueous pipes may become lost. They must usually be located 
before leaks in them can be discovered. Pipe locators are of two types: 
one wwks with the pipe as a part of a closed electric* circuit; in the oth(*r 
an aerial picks up the magnetic field induced in the i)i])e by a radio 
transmitter or by previous excitation. In the former, after the electric 
circuit has been completed by electric* c*ontac*ts Avith two (‘xposecl points on 
the pipe line, the magnitude of sound in earphone's will inc*re*ase as the pipe 
is approached and will fall silent when the observer is dirc'c*lly ewer tlui 
pipe. In the latter an electric dip needle points to the bunc*d pipe.' 

413. Finding Leaks.- Methods used for the loc*atic>n of leaks in 
underground jnpc's and in subacpicous jniM's include (1) direct o])sC'rvatic)n, 
(2) the sounding rod, (3) the hydraulic grade line, (4) water hammer, (5) 
blowing air into the pipe, ((>) putting coloring matter or salt into the 
watc'r, (7) mc*asuring the volume of water rc'ciuirc'd to till the ])ipe, and 
(8) listening either directly for the sound or with the aid of a sonoscope or 
electronic sound amplification. Kac*h method is Ix'st suited to j)artic*ular 
conditions. None is universally applicable or infallible. 

Direct observation can sc*arcc'ly be called a method. It would sc'c'in to 
recpiire no special knowledge to say “There is a leak,’^ w'lic'ii w'ater is sc'C'n 
gushing up in a city stivet. However, some skill may be n('(*clc‘cl to dc*tc*c*t 
a leak where there is a luxurious greon spot in a lawn, a soft spot in the 
ground, a melted patch of snow' or ice, or whc're a spot of frost or dew^ 
disappears quickly in the early morning. Any one of th(*se cluc's may 
indicate the location of a l(*ak, as may the sudclc*n or otherwise inexpli(*al)le 
increase in the flow' in a sewer^ or the appearance of a “spring” whc'rc 
there should be no spring. Water do(*s not always appc'ar close to the 

1 Soe also Millkr, Basil, Pipe Tx>catirig Magnet,’’ Water Workn <1* Seirer- 

age, September, 1U43, p. 335; and Fisiilr, C. K., “Kleetronie J»ip«* Finding and Leak 
Ixieating,” Jour. A.W.W.A., Deeember, p. 1330. 

* See also 1 ^\hbitt, II. 1]., ‘‘The IxK'ation of Leaks in rndcTgronnd PijK',” Jour. 
A.W ir.J , Vol 7, p 580, 1020. 

•’See also Gross, I). ()., “Water W'aste I)c*teetion by Observing Sewer Flows,” 
Water Workn d' Seunrage, Juru', 1044, p. 11-172. 
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spot from which it left the pipe. After the general location of the leak has 
been determined, the sounding rod may be required to find it exactly. 

This instrument is a sharp-pointed metal rod that is thrust into the 
ground and pulled up for inspection. If moist or muddy, the line of the 
leak is being followed. 

If a pipe leaks so badly that it will empty itself in a short time after it 
has been shut off, the leak can be found by allowing the pipe to drain. 
Then the volume of water recjuired to fill the pipe quickly should be 
measured and this figure divided by the cross-sectional area of the pipe. 
The quotient will be the distance to the leak. 

Leaks in water pipes usually make some sound unless the leak is 
submerged. Small leaks are likc^ly to make more noise than large ones. 
The leak may be heard directly; it may be heard by placing the ear on the 
service pipe* in the bas(‘ment; or a sounding rod may be pushed down until 
it comes in contact with the pipe and the ear placed against the rod. 
Where the unaid('d ear cannot detect the sound, one of the many simple 
instruments for magnifying the sound may make tlie sound audible. 
These includ(‘ the aciuaphone, the detectaphone, and the sonoscope. 
The first named is similnr to a telephone receiver, without electrical 
connections. One end of the receiver is placed in contact with the sound¬ 
ing rod or pipe, thus making the sound audible. It is followed until the 
leak is located. Another device w'orks like a stethoscope. 

A leak may be detected by following the pipe in the direction of 
diminishing pressure, f.c., following the hydraulic grade line. If tw^o 
points can be found on the hydraulic grade line' on each side of a leak in a 
long pipe line and the hydraulic grade liru»s are passed through these two 
j)oints on a profile, they will intersect over the location of the leak. 

In the application of the phenomenon of water hammer to finding a 
leak, favorable conditions require a long pipe line without important 
branches. A valve on the lino is opened until the rate of flow' becomes 
constant, and then the valve is suddenly closed. The instant of time that 
the valve is closec’l and the pressure in the pipe immediately thereafter are 
recorded. The pressun* wave caust'd by th(' water hammer will travel 
along the pipe to the leak, where a part of the pressure wave will be 
dissipated. Th(» wave of diminished pressure Avill them travel back to the 
pressure gage at the valve, and a drop in pressure will be observed. 
Since the velocity of travel of the pressure wave is as shown by formula 
(10) in Sec. 192, and the wave has traveled twice the distance between the 
valve and the leak, the distance to the leak, in feet, is equal to 



( 1 ) 
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in which T is time, in seconds, for the pressure wave to return to the valve 
and V is the velocity of travel of the pressure wave. 

The blowing of air or the placing of coloring matter in a pipe is useful 
only in submerged pipe. The air bubbles or the coloring matter will 
appear over the leak. Fluorscein and the slightly cheaper dye uranine, 
both coal-tar dyes, are the most commonly used dyes. They are detect¬ 
able in a concentration of less than 1 p.p.m. b}^ the naked eye and up to 
1 part in 10 billion with the aid of a fluoroscope. The sample of water 
observed must be alkaline since acidity bleaches the color which is 
restored by adding alkalinity. Such dyes cannot be used in potable 
water since their appearance is undesirable. A slightly increased 
concentration of salt, NaCl, may be used in the detection of a leak by 
showing, by chemical analysis, an increased chloride content in the water 
suspected of escaping from a pipe into which a dose of salt has been 
placed. The salt concentration is insufficiently increased to be detected 
by taste. 

414. Electrical Sound Magnification. The sound emitted by a leak 
may be picked up by a delicate crystal and magnilied up to 10,000 times 
by vacuum tubes. It is possible to tune the receiver to the pitch of the 
sound of the leak, excluding interfering sounds. In the JNI-Scope^ leak 
locator, a very sensitive instrument, the sound of thi' leak is followed 
directly. The effectiveness of the instrument is greatly iiK'reased by 
making direct contact at points along the pipe and following along the 
pipe until the sound can be heard without contact with the pipe. Sound 
will travel faster and a hundred times as far through a pipe as through 
porous ground. 

416. Permissible Leakage. Some leakage is to be expected from 
water pipes laid with the best of care and under favorable conditions. 
The Water Works iManuar’ of the American Water Works Association 
states: ‘^The leakage from all types of supply mains is comparatively 
small, although some leakage is unavoidable. A commonly prescribed 
upper limit for leakage is an amount variously exj)ress('d, ecpiivahuit to 
250 gal. pt'r 24 hr. per inch of diameter of pipe per mil(\ Thus, a (iO-in. 
pipe would be accepted if its leakage w^erc 15,(XX) gal. p(T mile per day.^^ 

416. Pressure Tests. The stoppage of the piiM\s in a distribution 
system and increases in the rates of consumption, of waste, or of leaks 
may cause falling off of pressure in some part of the system. The pressure 
throughout the system should be determined by attaching pressure gages 
to hydrants and in other desirable places. An abnormally h)W pressure 
wdll indicate trouble between the point of low’ pressure and the nearest 

1 Fishkr, C. H., “Electronic Pipe Finding and Ix*ak Ixjcating,^^ Jour. A.W.W.A., 
13ecember, 1946, p. 1330. 
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point of normal pressure. Further observations of pressure will locate 
the seat of difficulty more exactly. The cause of the loss of pressure can 
then be determined. If a leak or high consumption is the cause, there 
will be a high rate of flow at the point of normal pressure. If the pipe is 
partly stopped, the rate of flow through it will be low. 

The rate of flow through a distribution system is sometimes so low as 
to render pressure observations made under conditions of ordinary flow 
of no value in determining whether or not the pipe is clogged. The 
stoppage has no efleet on ordinary flows, but it may cause serious losses of 
pressure when fire is }>(*ing fought. Observations of pressure must, there¬ 
fore, be made at hydrants when water is flowing under fire-fighting 
conditions. Abnormally low pressunss will indicate stoppage or inade¬ 
quate capacity of the distribution system. 

417. Freezing of Water in Pipes. The freezing of w ater in pipes is due 
to the exposun* of the water to a temperature' below 32°F. Time, 
temperature*, volume^ of wate'r, ve'locity of flow, and environment are 
factors alfecting the rate of fivezing. When water is motionleiss, the rate 
of frejezing (;an be express(‘d as 

= 2.3 I lo(? (2) 

A J 1 

where fi = time, in hours, for change in te*mpe'rature 

Ti = original eliffe'rence' in te'inperature' betw e'en w^ater and air 
Ti = final diHen'iice in ternpe»rature bi'tweem watc'r and air 
q = amount (volume, not rate of flow) of w'at(*r, in kilograms, in 
I m. of pip(* 

k — loss of heat, in kilogram-cjiloricvs pe^r hour, for a me‘t('r length 
of pi|)e and for the type of insulation corisiderenl for 1°(\ 
difT(*r(‘ne*e of temp(‘rature 

Values of A** vary from about 0,72 feir a poorly insulate'd pipe to 0.08 for 
gooel insulation. Since' wate'r in motion is slow’ to fren'ze', consumers 
frequently waste water to prevent freezing; in a few’ instances w’ater 
companii's have encouraged this practice*. It is to be note'd that this 
formula doe's not give the* time re'eiuire'd to cause frc'ezing but only the 
time to change the* temperature eif the water. Freezing begins when the 
te'mperature re'ae'he's 0°C. The* time /o, in hours, require'd tej freeze water 
starting at an initial temperature of 0°(\ is 



(3) 


^See Bleich, S. 1)., “ IVote'ction of Water StTvicea in Exposed Ix)eiitiona/’ Jour. 
A.W.W.A., Vol. 18, p 564, 19‘?7. 
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where T is the temperature of the outside air expressed in degrees below 
0®C., and q and k are the same as in formula (2). 

When water freezes, it expands with a force that cannot be resisted by 
any pipe manufactured. It expands about one-twelfth of its volume in 
freezing: ?.r., 12 cu. ft. of water will become 13 cu. ft. of ice. The pressure 
and the increase of volume usually cause the bursting of the pipe. The 
freezing of service pip(\s is more common than the freezing of water mains, 
because of the smaller volume of water to be cooled in the service pipe, 
the longc'r time when there is no flow in it. and the greater exposure to 
which service pipes are often subjected. 

Wat('r pipes should lie laid below the level of frost penetration. Tlie 
rate of frost penetration is a function of the duration and the intensity of 
the air temperature below freezing. Frost vill penetrate^ open grav(»lly 
soil more c)uickly but l(\ss d(*eply than tight clay soil. Pavements are 
generally p(K)r insulators; snow is a good insulator. 

418. Thawing Frozen Pipes. The thawing of frozen pipes is accom¬ 
plished by digging down to the pii)e and building a fire in the trench over 
it, by the use of gasoline torches, by wrapping the pipe in rags and pouring 
on hot water, by blowing steam on or into the i)ipe, or by the use of 
(‘lectricity. When electric current is not available, sti^am under 3 to t 
p.s.i. pn'ssuix* (*an be blown througli a small pipe ins^M’led in tlu' frozen 
one. All but the use of electri(*ity are gem'rally messy, and the use of 
o])('n flanu‘s within a building is dang(»rous. 

Thawing by electricit}’^' is (juick, relatively inexpensive, and can be 
safe. Th(* factors involved (‘an b<* formulated as 

II = PRl (4) 

where II — heat, joules 
1 = current, amp. 

R — n'sistanee, ohms 
t — time curn'iit is flowing, st'C. 

Th(* amount that the tem}K*rature is raised dei)ends on the current / and 
the r(‘sistanc(‘ R of tlu' [)ipe ])er unit of length. A curr(*nt of 100 amp. 
wdll heat 1,000 ft. of l-in. pipe just as rapidly as it will h(‘at 10 ft., ])ut it 
will take one hundred times the voltage to do so. Some data concerning 
currents, voltages, time, and other conditions in thawing frozen pipes are 
listed in Tdble 73. 

It is to be noted that cast iron heats m(xst readily and copper the least 
readily. Care must be taken to use the lowest amount of current suitable 

* Sro also “Frost IVnctriition Story Ttovoalod })y (Iroup of Buried Thermometers,” 
Water Works Eng.j May 27, ie30, p. 739. 

2 Amsbaky, F. (\, Jr., “Fleetrieal Thawing,” Water and Sewage Works^ April, 
1946, p. R.40. 
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for the pipe material and to avoid melting lead in pipe joints. Sulphur 
joints do not prevent the electrical heating of pipes, although it may 
require higher voltage than otherwise. 


Table 73. —(’onditkjns Affe(’ting the Thawing of Frozen Pipes by Electricity 









Size of lead- 

]>iam. of 

Pipe 

material 

Hesi st¬ 
ance, 

r 

Approx.^ 

volts 

Amp. 

Time, 

ing wire to 
use 

pipe, in. 

ohms 

min. 

Amp. 

1 

Size, 
B. & S. 


Wrought iron 

82 80 

000 

60 

250 

5 

200 

0 

1 

W rough! iron 


600 

60 

300 

10 

225 

00 

I'i 

Wrought iron 


600 

60 

350 

10 

275 

000 

2 , 

Wrought iron 


500 

55 

400 

15 

325 

0000 

3 

Wrought iron 
C'aHt iron 


400 

50 

450 

20 



4 

684. 

too 

50 

500 

60 



6 

C’aHt iron 


400 

50 

600 

j 120 



8 

(vast iron 

1 

300 

40 

600 

240 

1 



( Vipper 

1) 35 

100 

40 

500 

30 


1 

1 

(\)pp(T 


400 

to 

600 

60 


1 

Vi 

Copper 

Steel 

63 

300 

35 

600 

60 




TiC‘jul 

123 








llolnliv(' KosisturK'o of Pipe \l<*tal.s, I'ApmsstMl in Ohms per Mil Foot of a I’ioco of 
M(‘tal 0 001 In. in J)iain(*ti*r and 1 Ft lionj^ 


Metal. 

1 CopP^’** 

1 

Steel 

j Wrought iron I 

Lead 

Cast iron 

BeHiHtanec* 

1 !) 35 

1 i 

()3 0 

1 82 8 I 

123 0 

584 


> Thf loHf'Ht NoltHKt* l>< iimmI 


In tha\Niiig frozen pipes electrieully the procedure is to incliule the 
length of froz(»n pipe in an electrical circuit in which the current and 
voltage can be controlled. Ideal Avelding sets are available for this 
purpose. In thawing a seivice pipe all possible paths for the current to 
enter the house must be broken. One line from the transformer is 
connected to the service pipe where it (uiteivs the cellar. The other line 
may be connected to a near-by hydrant, to an exposed point on the 
service pipe beyond the frozen spot, or to a neighboring service likewise 
disconnected from its house. The cost of electricity used is insignificant, 
amounting to 1 to 10 cents per service thawed. 

419. Care of Hydrants. The prinidpal dangers to fire hydrants are 
breakage by traffic; injury through ignorance, carelessness, or abuse; and 
freezing. Traffic injuries may be avoided by setting the hydrant in a 
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safe location; malicious abuse may be prevented by police- and fire- 
department protection; and the effects of other injuries can be minimized 
by frequent inspection, test, and quick repairs. (Cooperation with the 
fire department is usually effective. 

Frozen hydrants are a serious menace. They can be protected from 
freezing by covering them with a quickly removable box. This has the 
advantage also of leaving the top of the hydrant free from snow and ice. 
The use of antifreeze in the hydrant is undesiiable Ix'cause of the possi¬ 
bility of polluting the water supply. Hydrants may freeze owing to the 
freezing or clogging of the drain pipe w'hich permits water to stand in the 
barrel. The fact that a hydrant is froz(ui can ])e detected by dropping a 
small wMught, tied to th(‘ entl of a string, into the l)arrel through the 
nozzle. The difference in the* .sound when the weight hits w'at(*r, ice, or 
the valve seat is easily recogniz(‘d. 

Frozen hydrants may \w thawed by the use of salt, NaC'l, nr calcium 
chloride, CaC1j, and by methods a])plicable to the thawing of fio.^iui pipes. 
The action of salt and of calcium chloride is usiiallv slow . Heat from an 
insulated wire wotmd around the (‘\posed portion of the hydrant, with 
adeejuate current sent through the wire, will bt‘ transmitl(‘d down through 
the barrel to thaw' ice. The injection of live st('aiu into the hydrant 
barrel through a hose is relatively (piick, inexpei sive, and effective. 
Jacobson^ reports the thawing of hydrants in an emergency, in the 
average time of 3 min,, by pouring concentrated sulphuric acid into the 
hydrant. The heat generated melts the ice before the acid nniches th(‘ 
valve. The acid is expelled from the hydrant when the valve is opened, 
and the acid is so dilut(‘d as to be haJTnl(*ss if prop(*rly handled. The first 
flush of water from the hydrant may be carried through a hose to the fire 
pumper where it is adecpiately diluted to j)revent injury to personnel and 
etpiipment. 

1 ,f K. K., “ Hapul Kinri jrciicy MftlHxl of Ilydnints,” Watu U* 

Sewage Woiks, Ajiril, 194f), p H-42. 
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QUALITY OF WATER SUPPLIES 

• 

420. Considerations of Quality. Water to be used for a public water 
supply must b<* potable, f.r., drinkable. Potable water should not be 
chemically pure, because water devoid of dissolved and suspended matter 
is both unpalatal>le and unhygienic. It is generally believed that the 
presence of certain minerals in water is essential to health^ and, for this 
reason, certain \vat(*rs are considered to be more* healthful than others. 
Wat<‘r that is ideal as a bev(Tage may not be suitable for all other pur¬ 
poses; e.( 7 ., it must b(‘ soft for bathing and w^asliing, it must be free from 
dissolved gases if us(‘(l in th(» manufacture of ic(', it must be free from color 
if us(»d in the manufacture of ciMtain kinds of paper. Some desirable and 
som(‘ undesirable constituents of water for various purposes are listed in 
Tabl<‘ 74, 

TakivS 7t. —Dksiuaiu.e and Undesikabee Mineral Matter in Water 
(The aiiumiits arc stated in parts per million of th(‘ ion indicated. They are to be 

taken as sugg(‘stive only.) 
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5 

100 

100 

200 ( 

SiiKur iijunufnrtniinK 

None 


(^a 

Mr 

so* 

Cl 

Hco, ; 




20 

10 

20 

20 

100 ( 
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Steam boiler 
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Ca 

Mg 
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ITCO 

. Cl 




5 

5 
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100 

100 


Chemically pure \vater is not found in nature because of the solvent 
power of water and the wide distribution of finely divided soluble matter 

^ StHi also Peters, J. B., “Body Water,” C i \ Thomas, Springfield, Illinois, 1935. 
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in the atmosphere and in the ground. Substances commonly found in 
water in its natural state include oxygen, carbon dioxide, iron, salts of 
calcium and magnesium, and other constituents whost' liygienic cff«*cts 
arc not yet thoroughly understood. Some substances found in natural 
water supplies are listed in Table 7o. 

Tablk 75.—Si bstancks Commonly Folni) in NArrRAL Water Siiim'lies‘ 
Metoorological Waters 

Sus|>oiule(i: amorphous matter. 

Dissolved: sulphites, oxygcai, nitrogen, earhon dioxide, ehlorifles. 

(’olloidal or pseudosolution: none. 

Surface WatfTs 

IBuspended: clay, mineral mattt'r, algae, ])aeteria, organic inatt(*r, protozoa. 
Dissolved: oxygen, nitrogen, carbon dioxide, etdoring niattc*r. organic acids, or- 
gani<‘ matter, ammonia, chloritles, nitrates, nitrites, metliane, hy<lrog(*Ti sidphich*, 
hydrogen. 

Colloidal or pseudosolution: coloring matt<‘r, sdica, organic atuds, organic mafIcT. 

Cilround Water 

iSuspended: cla3% fungi. 

Dissolved: bicarl)onat(‘s, carbonates, sulphates, chloritles, and nitrates of calcium, 
magiK'sium, sodium, and jiotassium. Dicarbonatt's, sulphat.s, and hydroxide's of 
iron. Sodium chloride, compounds <»f manganese, carbon dic xidt', oxygtai, nitrogi'ii, 
hydrogen sulphide, and h.><lrogt‘n. 

(\)lloidal or pseudosolution: sili(‘a, alumina, iron oxide. 

^ TiuH tuMi* (ioois not prosout all tho Hiil>Htunc<‘H found in luituiiil wuttuH, and tha division of tnattvr 
la'twnon th(‘ Minous aoutvoM is not Hhuipl.s fixed. 

Many natural waters, besides containing c(‘rtain undesirable (luanti- 
ties of dissolv(*(I and susp(*nd('d matters, are polluted by drainage from 
populated regions. Nevertheless it is possible, through purification 
pi()(*es.s(*s, to change the (juality of most natural waters to render them 
saf(‘ and sat isfaet ory for use by t he puhlie. Th(' limit iug coneentrat ion of 
undesinU)l(' sulistances permissilile in a wattT being considt'nni as a sourct' 
for a public supply is d(‘t(‘rinined more by hygienic, estdietic, and economic 
considerations tlian by the difficulties of purification. There arc, how¬ 
ever, substances such as oil and sodium chloride that cannot be satisfac¬ 
torily removed to permit the use of the water as a pul die water supply. 

The (piality of a proposed source for a public; water supply should be 
judged on the basis of a sanitary survey of the source, a complete sanitary 
analysis made of samples taken periodically over a long period of time, 
and a consideration of the economic and esthetic factors involved in the 
use of the water. 

421. Quality of Natural Waters. Water in nature may be classified as 
meteorological water, surface water, or ground water according to the 
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nature of its natural environment. The nature of the environment affects 
the quality of the water, as indicated in Table 75. 

Meteorological waters are precipitated from the atmosphere as rain, 
snow, hail, etc. They are seldom used as a source of public water supply 
because of the difficulty of collection. Where these waters are to be used, 
the precipitation is caught on prepared catchment areas and is stored in 
reservoirs. If not properly cared for by the removal of debris from the 
catchment area and the prevention of growths in the reservoir, an other¬ 
wise satisfactory water may be ruined as a source of supply. Generally 
speaking, the sanitary (quality of meteorological water is satisfactory for a 
public water supply without purification. 

Surfo/:e waters are natural waters found in lakes and streams. The 
(quality of a surface water is determined mainly by t^he character of the 
watershed over which it has run. If the \vatershed is inhabited, the water 
is more likely to be polluted than in the case of either meteorological or 
ground waters. A surface water that is satisfac^tory as a source of a 
public wat(;r supply should be saturated with dissolved oxygen and should 
have a chloride content no higher than the normal for the region. Sur¬ 
face waters running over boggy ground are likely to be highly colored. 
C'lay soils will cause turbidity. Water that has run off cultivated land is 
likely to be high in bacteria. During the summer the temperature of 
surface water will probably be high, unless taken from a deep lake. 
Surface water may contain dissolved minerals chara(*t(‘ristic of the region. 
Iron may be pres(‘nt in organic or colloidal form. 'Die total solids of 
surface waters may be high, but the fixed solids will be relatively low 
because* of the amount of dissolved organic; matter prc'sent. The growth 
of vegetation may bc'come so d(*nso in surface* wat(*rs as to increase the 
organic content and to afflict the odor, taste, and color of the water. 
Generally spc'aking, the sanitary cpiality of surface water is unsafe* for use 
as a public water supply without some form of tr(*atment. 

(ironnd wafers are natural waters that are found ])elow the surface of 
the ground. Water that has pc'rcolated through the ground may be 
returned to the surface through springs, thus imparting th(* character¬ 
istics of ground watc'r to surface water. Water that has taken on the 
characteristics of surface water may percolate, unchanged, through under¬ 
ground strata, thus imparting the characteristics of surface water to 
ground water. The line between the characteristics of surface waters and 
of ground waters cannot be sharply drawn. 

Typical ground waters have distinguishing characteristics. Ground- 
water temperatures are usually constant throughout the year and are 
2 to 3®F. higher than the average yearly air temperature of the region, 
increasing in temperature about 1°F. for each additional 04 ft. of depth, 
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with variations between 50 and 100 ft. In percolating through the 
soil, ground waters absorb carbonic acid and organic acids from decaying 
organic matter, and they usually contain carbon dioxide and nitrogen. 
The acidity and the carbon dioxide increase the solubility of other 
matters, parti(*ularly mineral matter, Avith the result that the amount of 
dissolved matters in ground Avater is high. The oxygen dissolved in the 
water before it percolates through the ground is usually exhausted in the 
ground by the oxidation of the dissolved organic matter, Avith the result 
that ground waters are usually devoid of, or deficient in, dissloAX'd oxygen. 
Thus, certain substances that are insoluble in the presen(*e of oxygen are 
held in solution in ground Avaters. 

Wat(M* in pcuTolating through underground strata dissolves from th(‘ 
rocks the alkalies and alkaline earths in the form of bicarbonates, and 
silica may be held in colloidal suspension. Such substiinces as carbonates 
of calcium and magn(\sium cause hardness Avhen dissolved in Avater. 
Bicarbonates of tlu'se elements are known as alkalinity when pnvsent in 
solution. The colloidal suspensi<m of silica, alumina, and iron oxide is 
(‘iihanced by the presence of alkalinity. 

Helativcly Jiigh alkalinity and Ioav hardness, together with the pres- 
(‘nc<' of silica, alumina, and possibly iron and mangaiii*se, are (diaracter- 
istic of waters that have beem in contact with granites, l)asalts, and 
gneis.ses, the primary rocks. Water in contact Avith dolomites, 

limes! OIK'S, sandstoiu's, and shales, f.c., ttie so-called secondary rocks, 
become impr(‘gnat(*d Kith bicarlxmates of calcium and magnesium and 
Avith chlorides. 

(xenerally speaking, (lie sanitary (juality of ground watc'rs is satis- 
iactory for us(‘ as a public water supply without purification, but the 
amount of dissolved minerals and other characteristics of the water may 
require its trc'atuK'iit for domestic and industrial purposes. 

422. Calcium, Magnesium, and Sodium Salts. Hardness, alkalinity, 
and salinity in water are caused by the presi'nce of dissolviMl mineral 
matter, primarily by the compounds of calcium, magnesium, and sodium. 
Although the pre'sc'iice of these substances in most natural winters has no 
sanitary significance, they may have so detrimental an elTect on the use of 
the water for domestic and industrial purposes as to render it unfit as a 
pubjic water supply. 

C\)mpounds of calcium, Avhich are the most commonly found dissolved 
mineral substances in natural Avaters, are supjilied from three' principal 
sources: limestone, gypsum, and calcium chloride. TJmestone, CaCos, 
soluble in water to the extent of about 13 p.p.m. If carbon dioxide is 
present in solution, the solubility of the calcium carbonate may be 
increased to 1,000 p.p.m. Gypsum, Ca804, is soluble to the extent of 
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2,000 p.p.m.; and calcium chloride, CaCU, is so highly soluble as to render 
water unfit for drinking purposes long before saturation is approached. 
Magnesium compounds are found in natural waters in concentrations 
from 5 to 20 per cent of the amount of calcium. Sodium is found most 
commonly in deep ground waters, or at higher levels near the sea coast, 
and is usually in the form of sodium chloride. 

423. Hardness. Hardness is caused by the solution in the water of 
carbonates and sulphates of calcium and magnesium. The chlorides and 
nitrates of these two elements and sometimes of iron and aluminum are 
effective to a lesser degree in causing hardness. Temporary hardness is 
that portion of the hardiu*ss wdiich can be removed by boiling. It 
constitut(\s, in the main, all the carbonate hardness, because the boiling 
drives off the dissolved carbon dioxide, thus rendering the carbonates 
insolubl(\ Permanent hardness is that portion of the hardness which 
remains aft(‘r the water has been boiled. It is caused primarily by the 
sulphates of calcium and magnesium. It can be removed only by 
chemical nu*ans. I'l'mporary hardness is not, ho\Never, eciuivalent to 
carbonate hardness, nor is permanent hardness ecpiivalent to sulphate 
hardness. Total hardness is expressed in various ^^ays, the standard 
Anu'rican waterworks practice being in parts per million by weight, in 
terms of calcium carbonate, CaCOs. 

Th(‘ r.S. (h'ological Survey has classified waters of various degrees of 
hardness, as shown in Table 70. The total hardiness of natural water 
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Class 

1 1 

1 

2 

1 

3 

4 

Hanlncas, p p m 

0 r.5 

50 KX) 

101 200 

201 500 

of hjinliu'ss 

Soft 

1 Slightly hard 

Moderately hard 

V(‘ry liard 


supplies used as sources of drinking water, either with or without soften¬ 
ing, range from slightly below 10 p.p.m. to about 1,S0() p.p.m. 

The effects of hardness in water include the inhibition of lathering by 
soap, the formation of an iiiMduble precipitate or cunl with soap, the 
formation of ‘‘soft scale” in boilers due to the presence of calcium 
carbonate, the formation of “hard .seal(‘” due to the presence of sulphate 
hardness, and other difficulties. Soft scale is readily soluble in acid. 
Hard scale may be difficult to remove. 

424. Alkalinity and Salinity. Alkalinity of natural water represents 
its content of carbonates, bicarbonates, hydroxides, and, occasionally, 
silicates and phosphates. Alkalinity is most commonly found in natural 
waters in the form of carbonate of soda and as bicarbonate of calcium and 
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bicarbonate of magnesium. C'austic alkalinity, caused by hydroxides, is 
an undesirable characteristic seldom found in natural waters. 

Natural waters are normally alkaline, acidity being an undesir¬ 
able characteristic mainly due to the corrosive activity of acid waters. 
Neither acidity nor alkalinity has sanitary significance in natural water. 

Salinity in vater is caused by the presence of caibonates, sulphates, 
nitrates, and chlorides of calcium and magnesium and by the sulphates 
and chlorides of sodium. 

426. Chloride. Chlorides are present in natural waters mainly as 
salts of sodium and may indicate either tin* degree of bra(*kis]mess or, if 
higher than normal for the natural waters of the region, pollution by 
sewage or by saline industrial wastes. Chlorides must not be confused 
vith free* clilorine, a gas us(»d for disinfection and rarely found in natural 
untreated water. 

To avoid unpalalability the chloride content of drinking Avat( r should 
not exceed 250 p.p.m. 

426. Iron and Manganese. Iron and manganese are objectionable in 
a public water supply })ecause they cause stains on i>himbing fixtures and 
on clothing in the laundry, they may cause tastes and odors, and th(\y 
offer difficulties to some manufacturing processes. The ])r(*sence of 
organisms whos(‘ life processes depend on these eh'me^nts or th(Mr com¬ 
pounds causes tastes and odors in the water and may result in W'hat is 
known as ‘‘red water.” Those organisms depending on the presen(‘e of 
iron are sometimes known as '‘iron l)acteria.” Compounds of iron, as 
found in surface waters, are usually in the form of ferrous bicai-bonate or 
ferrous or ferric sulphate. Ferrous bicarbonate is formed by the reduc¬ 
tion of ferric oxide, the mineral ore, to ferrous oxide and the combination 
of the latter with car)>on dioxide present in the water. Fcti’ous bicar¬ 
bonate, Fe(IIC() 3 ) 2 , is soluble only in the a]>sence of oxygen. When 
oxygen is available, the ferrous bicarbonate is (juickly oxidized to ferric 
hydroxide, Fe(011)3, whicli is highly insoluble and ({uickly pn^cipitates. 
The presence* of iron is common in ground water because of the wide 
distribution of iron as hematite in nature and its solutie)n in w^ater con¬ 
taining carbonic acid. The sulphates of iron free^ucntly result from 
contact of the w'at(*r with coal and iron ores. The (juantity of iron in 
ground water may increase after the dc*velopment of a w^ell ow ing to the 
accumulation of organic matter which, on decomposition, will produce 
acid that dissolves an increasing amount of iron from the soil. 

Most ground waters, even in iron-bearing regions, contain less than 
5 p.p.m. of iron, some falling into the range between 5 and 15 p.p.m., with 
a maximum of 40 to 50 p.p.m. for acid mine waters. 

Manganese behaves similarly to iron in its reactions in natural waters. 
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As it is not so widely distributed as iron in nature, its presence in water 
may not be recognized through its confusion with iron. In general, the 
maximum concentration of iron or of manganese, or the combination of 
the tw'o, which is permissible in a water supply is about 0.3 to 0.5 p.p.m. 

427. Lead, Copper, Zinc, and Tin. Lead is generally considered 
undesirable in water because of its tendency to accumulate in the human 
body, resulting in lead poisoning, although in some proposed standards of 
(luality of water a maximum concentration of lead of 0.1 p.p.m. is per¬ 
mitted. Extremely small quantities of copper and of zinc are sometimes 
considered to be hygienically desirable, but concentrations greater than 
0.3 p.p.m. of copper and 5.0 p.p.m. of zinc are undesirable.^ 

The amount of copper, zinc, lead, and tin normally found in natural 
water supplies is practically insignificant. However, water flowing 
through or standing in conduits or reservoirs containing these metals or 
coated with sucli metallic paints may a}>sorb traces of the metals. In 
general, it is considered that dangers from this source are negligible, 
except possibly in the case of lead. Copper in water sometimes results 
from the treatment of a reservoir with copper sulphate. It is the general 
consensus of opinion that the (piantities thus used have no detrimental 
effect on tlui human organism.- 

428. Other Minerals. Sulphur may exist; in water as sulphates or 
sulphides, originating from contact with iron pyrites or other ores. It 
may make its presence miinifest by a decided odor of hydrogen sulphide, 
rendering the water esthetically unfit as/i public water supply. Hydro¬ 
gen sulphid(‘ is objectionable also because of its corrosiv(^n(‘ss in water. 

Aluminum and ammonium do not ordinarily occur in natural waters 
in sufficient (quantities to impos(‘ a probk'm for public wat(M* supplies. 

Iodides, brornid(*s, fluorides, phosphat(\s, etc., are rarely found in 
sufficient (luantity to render natural waters unfit for puldic us(\^ The 
presence of iodides in wat('r, in a concentration up to 1 p.p.m., is generally 
considen^d to be desirable to prevent goiter. Fluorides have been found 
in the natural waters of the Midwe»stern and Southw(\stern states, gener¬ 
ally in relatively low conceuit rat ions but in some cases as high as 4.0 
p.p.rn.^ Concentrations higher than l.O p.p.m. may be expented to cause 

^SCM* Jour. Jumairy, P.)43, p. nS: ibid.^ February, l‘)43, p. 135; iiiid 

ihid.^ Mari'h, 1940, p. 302. See* also Sc iiNKioEn, W. (1., “Copper and Health,” Jour. 
New Engl. Water Works d».sor., Vol. 44, p. 435, 1930; and Pvlmer, U. M , “Tin* 
Pre'senee of Zme in Water,” Proc. Am. Stw. Sanitary Eng.. 1930-1931, p. 304. 

* S(*e also Mallory, F. H., “The Poisonous Fffeets of Copper,” Jour. New Engl. 

Wki/er Works Vol. 41, p. 27, 1927. 

* SUh* also Lokb, L. B., “lltidiuiu Poisoning in Wate^r,” Jour. A.W.W.A.j April, 
1934, p. 401. 

^ S<*o also Dk Witt, D. J., and M. S. Xichous, “Fluoride Content of Some Wis¬ 
consin Waters,” Jour, A.W,W,A., July, 1937, pp. 980-997. 
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mottling of the enamel of teeth in infancy. On the other hand, attention 
has been called to the need for a minimum fluoride content in drinking 
water to inhibit dental caries.^ 

Silica is present in many natural waters in concentrations between 2 
and 60 p.p.m. and to a maximum of over 110 p.p.m. It is objectionable 
because of the scale it forms in steam boilers. 

Arsenic has In'en found in natural waters in one re(‘orded instance* in 
sufficient concentration to cause fatality. 

429. Methane and Carbon Dioxide. Methane has been found in 
ground waters or has been released from veils in sufficient (plantities to 
cause violent explosions.^ The gas is colorless, odorless, and has a 
specific gravity of 0.55-4 that of air at 0°C. In a mixture with air at a 
concentration Ix^tween 5 and 15 per cent it is explosive. Tlie methane 
may rise through the veil between the casing and the drop pipe, or it may 
escape from solution in the water as it is pumped from the veil to mix 
vith the air of the pumping station or other building in which the well is 
located. Where the jiresence of methane is below a concentration of 
1.-4 p.p.m., or 0.2S cii. ft. per thousand gallons at a temperature of 57®F.. 
•sufficient methane cannot e.scape from the water to form a 5 per (‘ent 
mixture vith the surrounding air. It can lie e\clud(‘d from the building 
by closing the top of tlu* well casing and l(*ading a vtuit pipe from insid(‘ 
th(' ca.sing to the outer air. dlie vcmt pipe .should be at l(\‘ist 2 in. in 
dianu'ter and should be protected against clogging by frost or other 
causes. Pr(‘cautions must lie taken against the pr(*senc(‘ of methane in 
the air of a building in concentrations betveim 5 and 15 per cent in order 
to avoid the ])r(’senee of an explosive mixture. 

The concentration of caihon dioxide is of importance in a water supply 
because of (I) the d(*sirable tast(‘ that it imparts, (2) its efT(»ct in increasing 
the solubility of many minerals in water, and (3) th(‘ corrosivencw 
r(\sulting from its pre.scmce. A desirable balance bet\v(*en the concc'iitra¬ 
tion of carbon dioxide and calcium carbonate, spoken of as the carbonate^ 
balanc(‘ (see page 558), should be maintained in a water supply. 

430. Ionic Concentration. The hydrogen-ion conccaitration in watcu* 
in connection with its mineral content may be of physiological importance 
becaus(‘ the metabolism of an individual accustomed to a water of a 
j)articular j)!! and mineral cont(*nt may ))e disturbed, with conscHpumt 
digestive disorders, when changing to a water with a different combination 

^ See also Cox, .1. (1., “Ncnn KnowIculge of Hiiorine in Relation to Dental Caries,'^ 
Jour, A.W.W.A Nov(‘inl)er, 1939, p 1920. 

* See also Wyli.ik, J., “An Jnv(‘stigation of the* Source of Arsenic in Well Water,’' 
Ca7i. Pub. ILalth Jour., Vol. 28, p. 128, 19.37. 

See also Hrsw Ku., A. M., and (’. Lar.so.v, “Methane in Ground Waters," 
Jour. A.W W.A., December, 1937, p. 1978. 
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of pH and mineral content, despite the fact that both waters are potable 
and salubrious to those habitually consuming them. This fact serves to 
explain, in part, digestive disorders experienced by travelers sometimes 
attributed to a change of drinking Avater. 

431. Organic Life in Water. Living organisms can be divided into 
three classes according to their size, as macroscopic, microscopic, and 
bacteria. Macroscopic organisms are so large that the species can be 
distinguished by the unaided eye; a fish or a snail would be an example. 
Microscopic organisms are so small that the aid of a microscope is neces¬ 
sary to distinguish the species, c.f/., Daphnia or Asterionella, as shown in 
Fig. 220. Bacteria are so small that even the aid of the microscope is 



Fid. 220 Mioioscopic orKunisms (a), Astj^rionellii Kuioilliina (oolorles‘<) X 1S8; 

Paiidoritiii (coloi, urocii) X (r), ntriniis X 170; (f/), D.'iphnia X (t), 

Croaothrix X 500 

insufficient to permit tlu' complete* identification of species. This must 
be done with tli<‘ aid of stains, reaction to certain nutrient media or other 
environmeuital conditions. Natural waters, particulai’ly surface vaters, 
may alxiund in various kinds of organic life, some of which are detrimental 
to the use of the water for a public supply. 

432. Bacteria in Water. Bacteria vary greatly in size. The largest 
known l)act(‘rium is B. bufsrhliiy which is about (iOg in hmgth and 5/x in 
diameter. One g, called a micron, is appro\imat(»ly 1 /2r),0()0 in. Dia- 
lister pncumosifites is one of the smallest organisms that has been 
described. It is 0.15g in diameter and ().3g in length. The various kinds 
of bacteria are almost numberless, the vast majorit}" being either beneficial 
or harmless to man. Those bacteria wliich cause disease in man are 
known as pathogenic. There are relatively few^ pathogenic bacteria, and 
but few of these can be carried hy AAater. 

Practically all pathogenic bacteria that can be borne hy w'ater are 
indigenous to the intestinal tract of W'arm-blooded animals, particularly 
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man; unfortunately their isolation from natural water is difficult by 
laboratory means. Normally, water-borne pathop:enic bacteria will not 
multiply in the unfavorable environment of natural water or laboratory 
culture media. There is, hoAxever, a harmless bacterium, known as 
Escherichia colij normally present in the intestinal tract of warm-blooded 
animals, that is relatively easily’ isolated and identified. The presence of 
this organism in a sample of water is taken to indicate the presence of 
fecal matter in the water and is a xvarning that pathogenic bacteria 
indigenous to the intestinal environment may also be present. Hence, 
the importance of the K. coli test. It is the only specific form of bacte¬ 
rium for which a search is made in studying the sanitary (juality of a 
water supply, and upon its presence or absence alone is often based the 
opinion of the safety of the water for drinking purposes. 

433. Water-borne Organisms Causing Disease. Practicallv the only 
pathogenic bacteria that can survive in wat(M’, without protc'ction in 
particulate mattc^r or other physical substance, long enough to transmit 
disease to ma^ are Elxrthdla typhi, causing typhoid fever; Vibrio commii^ 
causing Asiatic cholera; and various coliform organisms causing bac¬ 
terial dysentery. Etui amoeba histolyiicci is a mi(‘roscopic organism, classed 
as protozoa, which may be vater-borne and whi<*h causes amoebic 
dysentery, or amebiasis, in man. 

There is some evidence that the virus of ])oliomyelitis may be water¬ 
borne. Epidemics of infectious hepatitis, an infection of th(' liver some¬ 
times called infectious jaundice from its characteristic symptom, have 
been traced to infected \xater. It is known that “swimmer’s itch” and 
other skin infections designated as Schistosome d(‘rmatitis affect bathers. 
The causative agent is said to be the cercaria, the fre(‘-swimming larval 
stage of certain parasitic worms of the family Schistosomatidae. 

434. Iron and Sulphur Bacteria. Many diffenait microorganisms 
grow in water and add to the difficulties of its purification. Among these 
unde.sirable organisms may be included^ (1) iron bacteria, (2) sulphur 
bacteria, (3) sulphate-reducing bacteria, and (I) nonspecific bacteria 
causing iron transformations. Difficulti(*s caused by th<‘s(' organisms 
include fouling of the vater supply and corrosion or clogging of the 
distributing pipes. 

Iron bacteria include CrenothriXy LeptoihriXy Spirophylium, Gallionella^ 
and others. Concentrations of iron as loxv as 0.1 p.p.m. vill support the 
life of such organisms in water. The organisms secrete iron and deposit 
ferric hydroxide. Iron bacteria oxidize ferrous iron to ferric iron and 
precipitate ferric hydrate. Some sulphur bacteria increase acidity, and 

' See also Starkey, R. S., “Tran.sformation.s of Iron by Jiaeteria in Water,’' Jour, 
A.W.W.A., October, 1945, p. 9(53. 
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this tends to dissolve iron; under specific conditions insoluble iron 
sulphate may be produced. Sulphate-reducing bacteria may cause the 
precipitation of iron by the production of sulphide from the reduction of 
sulphate. These bacteria also effect the aerobic corrosion of iron. 
Other bacteria cause changes in the iron content of water by altering the 
environmental conditions, such as (1) changes in reaction, (2) changes in 
degree of oxidation or reduction, (8) production and decomposition of 
compounds of iron, and (4) clianges in the carbon dioxide content of the 
water. No single set of methofls can be used to determine the nature of 
these organisms or to identify them in the laboratory. Their control is 
sometimes effected by the use of chlorine, copper sulphate, and the 
removal of their food supply, such as dissolved iron, nitrogen, or sulphur. 

435. Microscopic Organisms. Microscopic organisms are found 
principally in surface* waters; although a few fungi and other organisms 
are occasionally found in ground waters or in ^\aters stored in the absence 
of light. Th(‘ principal objection to the presence of microscopic organ¬ 
isms in a public water supply are the tastes and odors they produce. 
Some microscopic plants and animals found in natural waters, in purifica¬ 
tion plants, and in distribution systems are listed in Table 77. 

Micros(*opic organisms vary in size so that counting them is insuffi¬ 
cient to give a correct conc(‘ption of the concentration of organic life in 
the water. The crowding of animals in a cage would be much greater if 
the cage contained 100 elephants than it it contaiiuul 100 field mice. To 
overcome this difficulty, microscopical analyses are r(‘ported both in terms 
of the number of organisms present per cubic centimeter and in standard 
units per cubic centiim'ter. The number per cubic centimeter is deter- 
mincHl by counting the organisms found in a small volume of w^ater into 
which the organisms from a larger known volume* of an original sample of 
the w^ater may have been eone(*utrated. A standard unit is repr(*s('nted 
by a sepiare 20/Lt on a side*. Since many organism^ are approximately the 
same size, tin* number of these organisms per unit volume can be approx- 
irnafe^d by counting tliose in a counting cell and multiplying by a factor 
dependent on the size of the organism counte*d. 

It has b€*en found^ that when cysts of K, hitifolyfico an* expos(*d to 
solutions of chlorine* or c(*rtain chloramines (see page 524) the cysts are 
penetrated and killed. 

436. Macroscopic Organisms. The macroscopic organisms most 
commonly causing difficulties in natural waters include cattails, hyacinth, 
c'el grass, and sea weeds. None of these organisms is desirable in water- 
supply sources, but their presence is sometimes tolerated lH*cause of the 

^ See Chang, Shih Lr, “Destruction of Micro-organisms,” Jour. A.WW.A., 
November, 1944, p. 1192. 
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T\BiiE 77 .—Partial List of MioRooRiiANisMs That Are Troi blesome in \N’ater 
Supplies, Together with a Statement of the Amount of Chemicals 
Required for Their Extermination^ 


Organism 

1 

Odor 

Cu804. 

Clj, 

1 Oianbm 

Odor 

CuSOi, 

Clt 



p.p.in. 

p.pju. 



p.pjD. 

i 

p.pjn 

Diatoms: 

1 



i 

^ Cyanophyceae: 

1 



Aste^'inneUa* 

AGF 

0 12to0 20 0 5 to 1 0 

Analiaena* 

MGV 1 

1 0 12 

0 5tol 

Uyolotella- ® 

fA 

1 

Aphanicomenon^ 

MGV 

|0 12 to 0 5 

0 5 to 1 

Diatoma' 

|fA 


Clathroevstw 

SGV ! 

0 12 to 0 25' 

0 5 to 1 

Fragalaria' 


0 25 

Colen>*phHcrium* 

SC, 

0 2 to 0 3310 5 to 1 

Melosira*-*« 

t 

1 


1 Cjhndosperniura 

1 

0 12 j 


Meridion 

s 

1 

Microcystis 

1 

1 

j 0 2 1 


Navicula’ l 

! 1 

1 0 07 1 

Oscillaria* 

1 

0 2 to 0 5 


Nitzchia^ I 

1 

0 5 1 

Rivularia 

MG 



iSynedra* ’ 1 

i.A 

0 0() to 0 5 1 1 

Schiaoniycetch: 




Stephanodisrus 


0 33 1 

Beggiaioa** 

vl). 1) 

5 


Tabellaria ^ 

AGP 

0 12 toO 5 

0 5 to 1 

! (ladothrix 


0 2 


Chlorophyceac: 



' Oenothnx’ 

vO. 1> 

i) 33 to 0 5 

0 5 

Clailophora 


1 0 5 

1 l3i‘ptothnx 



1 

Ulostenum 


0 17 1 

Isphttcrotilufi natwns 

vG. I) 1 

0 4 

1 

CoeaUtrum* 


0 05 to0 33' ! 

Thiothnx*' 

vO. D ' 


0 6tol 

Conferva* 

1 

1 0 25 1 ! 

Fungus: 




Desmidium 

1 

2 0 ' 1 

Lrf'ptomitus 

1 

1 


Dictyoaphaenum 

GNP I 

1 

0 5 to 1 

1 Saprolegnia 


' 0 IS 


Draparnaldia 


0 33 

I Miscellaneous plants 


1 


Kudorina 

fF 

10 

1 ('hara’ 


1 0 1 to 0 5 


Entoroophora 


0 5 1 

Nitella flexilis* 




(ikx'ocy.stis 

0 


Patomogeton'* j 


1 0 3 toO S 


Hvdrodictyon 1 

xO 

0 1 

Protozoa. 




Micrcispora l 


0 4 

1 Busaria 

iin, sin, 

0 33 

0 3 Uil 

Palmclla 


2 0 1 

('hlamydomonas 


0 5 


Pandorina 1 

fF 

10 

CVv ptomonas 

1 cv 

0 5 


Haphidmm 


1 0 1 

Dinobryon* 1 

1 W'F 1 

0 IS 


iscenedesmus 

1 

1 0 

Euglcna 


j 0 5 


'^pirogyra^ 


0 12 I 1 

(ilcntNiimuin 

F 

0 5 


Staurastrium ' 


1 5 • 

Mallomonuh 

AV'F 

[ 0 5 


Tetra.strum i 


1 

Peridmium 

F' 

0 5 to 2 


riothnx . 


0 2 1 

nura^ 

CM'FB 

0 12tn0 25 

0 3 to 1 

Volvox* ' 

1 

0 25 

0 3 U) 1 1 

l^oglcna^ 

FO'C' 

0 05 to0 2 

0 3 to 1 

Zygnema 


0 5 

Crustaceao: 







Cyclops*-*'* 



lto3 


1 

1 


Daphnla 

1 



1 to 3 


A = aromatic. B = bitter. C =- cucumber C* = cod-Iiver oil cv » candied violeta. D - decayed. E * earthy. 
F = fishy. F' = fishy, like olam«ihcIls (J - Kra.s8> im Irish nioMs. M = moldy M' = rnuskniclon N - nastur¬ 
tium. 0 = offensive O' - oily S — swivt siii — salt marsh V ^ vile f - faint v - very. 

’ PntDT, W (’, “Methods for the Biological Exaiiiinution of Water," Pror. ^th Ami WaUr Wnrh Srhod, Vvii Kan. 

1931 

* These organisina have been affected b\ (hi irim, producing a (haraiteristu odor In inaiiy cases th( v have iKiCii con¬ 
trolled by doses of chlorine ranging from 0 3 to 3 0 p p in , deiieiiding largely on the amount of organisms present. 

* These organisms have cauH(*d troubles other than odor. 

* These may be controlled by excess lime. 5 p p.m. in the case of diatoms. 

^ Medicinal with chlorine. 

* Objectionable. 
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difficulty of removing them. Tastes, odors, and color caused by them 
may be removed in the process of purification. They cause no specific 
disease in man. 

Macroscopic animals include fish, worms, Crustacea, and insects. 
Few of these cause anything but minor troubles in water-supply sources, 
except that they must be prevented from entering the distribution 
system by the installation of screens or the use of sand filters. 

437. Limnology. Limnology is the science that deals with fresh 
waters other than running stn^ams. The quality of water from such 
sources is affected by physical featur<‘s, aquatic life, climate, location, and 
other factors. The physical features include the depth of the water, the 
shape of th(* bottom, and the character of the banks and the shore line. 
The acpiatic life includes microorganisms and, to a slight degree, bacteria. 
Climate is an important factor affecting the (juality of the water supply 
through temperature, wind, precipitation, evaporation, and light. The 
location of the ])ody of water affects its quality through the proximity of 
habitations and the use of the water for recreational and other purposes. 

Natural bodies of fresh water, other than flowing water, can be 
divided into three groups depending for their diff(*rentiation on their 
depth and the biologic life in them. A lake may be considered as a body 
of \vater so large and so de(‘p as to be subject to what is known as the 
spring and fall turnovers. A pond is a body of water that may contain a 
permanent biologic life but is so shallow that its depth is not a factor in 
variations in the character or concentration of acjuatic life in it. A 
puddle is a t(‘mporary body of Avater that contains no permanent form of 
acpiatic life. A reservoir may possess any one of these characteristics, 
dependent on its size and environment. 

438. Rheology. Rheology is the science that deals with tlu‘ proper¬ 
ties and characteristics of streams. Pliysical, chemical, and biological 
factors affect the (piality of the water in natural streams somewhat as 
they do in rc'latively (piiesc’ent bodies of water. In a flowing stream, 
however, tlie changes in environmental conditions and in the (piality of 
water are .so sudden as materially to affect the nature of the plankton. 
Such changes, resulting in the self-purification of a polluted stream, are 
effected princii)ally by sedimentation, dilution, aeration, light, and 
biological activities. The degree of self-purification of a polluted running 
stream before it reaches the waterworks intake should be knowm to the 
enginec'r b(‘fore recommending the stream as a source of water supply. 
The degree of .self-purification of a running stream may be studied by 
plotting graphically the concentration of various significant constituents 
of the stream, particularly dissolved oxygen and bacteria, against the 
distance along the stream away from a fixed point. The increase in 
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the percentage of saturation \\ith dissolved oxygen and the diminution of 
the bacterial count are valuable measures of the improving sanitary 
quality of the water. 

439. Factors Affecting Organic Life in Water. Aquatic life is affected 
by physical, chemical, and biological factors. The physical factors 
include temperature, currents, density, and intensity and penetiation of 
light. The chemical factors include alkalinity, dissolved oxygen and 
other gases, and the food supply. The biological conditions include the 
presence and numbers of organisms and their distribution. 

440. Temperature. Temperature is probably one of the most 

important of the physical factors alTecting acpiatic life, because the life of 
all organsims is limited by the range of temporalur(' of the water. The 
growth of microorganisms that commonly a fleet the (juality of water 
supplies practically ceases at temperatures bel<n\ and above 90°F. 

'rhe optimum temperature for grovth ranges between 00 and 80°, depend¬ 
ing on the organism affected and other conditions. Tcanperature is also 
an important factor in creating currents and in affecting the density and 
viscosity of the water.’ 

441. Stratification and Circulation Due to Temperature. During 
certain seasons of the year the uaters of a lake are stnitific'd in accordance 
with temperature values, the dilTerence of temperature In^tween strata 
being marked. If, under ccniditions of stratification, the temperature at 
various depths in a lake is plotted graphically against depth, a depth wdll 
be found at which there is a marked break in the slope of the plotted line. 
The zone of depth where this break occurs is known as th(‘ thermoclme. 
In general, the zone above the tliermocline is a zone of circulation due to 
convection currents, and the zone below it is a zone of stagnation with 
diminished biological a(‘tivify. The tliermocline rises in winter and 
descends in summer. 

In th(* spring and in the fall the waters of a lake above tlie tliermocline 
turn over as a r(*sult of changing density in the w ater at th(‘ surface. The 
effect of tliese turnovers is important on the <list ribiition of food and of 
biologic life. During the winter the surface layer of water is cold or is 
turned to ice with its tempeuature below' 32°F. As the surfa(*(* water 
becomes warmer in the spring, its density incr(‘ases as it approaches 
39.2°F. This heavier surface water sinks to the thermocline, causing the 
spring turnover. During the summer the surface layer of water is warm. 
As the surface w'ater is cooled in the fall, its density increases as it 
approaches 39.2°F. This heavier surface water sinks to the thermocline, 
causing the fall turnover. 

^ The temperatures of underground and surface waters in the United States are 
discussed in U.S. Geol. Survey^ Water Supply Paper 520-F, 192,5. 
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442. Currents. Currents are caused by changes in temperature, 
wind, incoming water, movement of boats, etc. The blowing of the wind 
creates waves which may result in stirring to depths as great as 40 ft., as 
experienced in the Creat Lakes. A long-continued blow from one 
direction may result in the complete turnover of the lake, above the 
thermocline, greatly affecting turbidity and the distribution of microor¬ 
ganisms and their food supply. Since most microorganisms depend on 
currents for their own distribution and for the distribution of their food 
supply, the (existence of gentle currents is an important factor affecting the 
growth and concentration of microorganisms. 

443. Density and Viscosity. Density and viscosity affect the ability 
of certain microorganisms to float or to remain suspended. Some 
organisms, including most diatoms, are heavier than water and would 
sink were it not for upward currents and other conditions. Some 
organisms prevent themselves from sinking by the development of oil 
sacks, by (*nt raining gases, or by increasing their surface area, through 
change of shape or size, to compensate for changes in density of the water 
or of themselv(*s. Temperature is practically the only factor that 
materially affects the d(‘nsity and viscosity of water. Dissolved solids 
are negligible in th(‘ir eff(‘Ct on the density and viscosity of Avater avail¬ 
able for a public water supply. 

444. Light. Ijight is necessary for the metabolism of all algae and 
most protozoa. It is detrimental to the growth of fungi. The growth 
of c<*rtain organisms tliat recpiire light »may be inhil)ited or destroyed 
by too great an int(*nsity of light. Hence, tlie pem^tration of w^ater 
by light is important in affecting the typ(‘ of organism to be found 
at various depths. Th(* penetration of light into water is dependent on 
the position of the sun and on the turbidity of the water and is limited by 
the absorption of the liglit by the water. The clearer the water, the 
greater the penetration by light and the greater the depth at which 
organisms depending upon photosynthesis ar(‘ to be found. The absorp¬ 
tion of light by water is so great that in the (*learest water only about 25 
per (*ent of the light remains at a depth of 80 ft. More than half the 
sunlight is absorbed at the surface. Because of the need for light by 
most organisms the covering of a reservoir will diminish organic grow^th. 
Vnfortunately the absence of light» together with an abundant food 
supply, may encourage the grow th of fungi. 

445. Food Supply. The food supply of microscopic organisms 
depends on dissolved oxygen and suspended organic and inorganic 
matter, bacteria, other microorganisms, and dissolved gases. Alkalinity, 
dissolved gases, and food supply are closely related factors affecting 
organic growth in water. The inorganic matter normally encountered in 
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natural waters furnishes part of the food supply for organisms in the 
water. Dissolved gases such as oxygen, carbon dioxide, and nitrogen 
constitute a part of the food supply. Other nutritive gases that may be 
present include methane, carbon dioxide, and hydrogen sulphide. 

446, Dissolved Gases. The relation between dissolved oxygen and 
carbon dioxide may indicate the condition of the (iiiality of tlie water or of 
changes that are occurring in it. Dissolved oxygen in water is derived 
from the atmosphere, and pure natural surface waters are normally 
saturated with it. 

Carbon dioxide in water may be a n^sult of decomp(>siti()n of organic 
matter or of the metabolism of some organisms. In this action dissolved 
oxygen is converted to carbon dioxide. Hence, in general, as carbon 
dioxide increases, dissolved oxygen decreases. A high carbon dioxide 
content may, therefore, indicate Inological activities, and high dissolved 
oxygen may indicate a high degree of purity of the water sui)ply. This is 
not always true, however, as a few* organisms secrete oxygen wdiich may 
result in a supersaturatii)n of the winter with dissolved oxygen; or gro\ind 
water high in carbon dioxide may enttu* the lake from submergc'd springs, 
thus increasing the carbon dioxide content of the water without affe(*ting 
its sanitary (luality. The amount of dissolved gases present for 100 per 
cent saturation is dependent on the temperature an(i on th(' pn\sence of 
the gas in the atmosph(‘re. At 0®C\ and a pressure of 700 mm. of mer¬ 
cury, water will dissolve, from the air, 1-1.(>0 p.p.m. of oxygen; at 30°(\ 
it w'ill dissolve 7.08 p.p.m. Surface waters, under normal conditions of 
the air, may be ex])(‘cted to dissolve no more* than 1 to 2 p.p.m. of carbon 
dioxide. ]\luch larger amounts, over 100 p.p.m., may be dissolved in 
ground water under fav(n’a])le conditions. 

447. Biologic Growth. The kinds and numbers of microorganisms 
growing in surface wat(*rs vary with lh(‘ season, with the food supply, and 
with other factors. In the plant kingdom schizomycetes and other fungi 
show’ the greatest independence to seasonal changes, to t(‘mperature, and 
to depth of grow th in w’at(*r. They may Ix" found at all s(*asons at various 
depths but, being sensitive to light, are more frequently found in covered 
reservoirs, pipes, and near the bottom of lakes and r(‘servoirs. 

Algae follow' regular seasonal variations. The food supply of the 
diatom is presumed to consist of carbon, nitrates, ammonia, silica, and 
mineral matter. These constituents are found in th(‘ lower strata of 
lakes, under conditions unfavorable to tlie grow^th of diatcmis. The 
growth of diatoms at the surface is increased following the spring and fall 
turnovers which bring food to the surface wdiere oxygen and a moderate 
intensity of light are available. Diatoms grow’ most abundantly near the 
surface, although they wdll be found at all depths above the thermocline. 
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There are, therefore, two seasonal increases in the growth of diatomaceae, 
the spring and the fall. Diatoms are found at temperatures between 35 
and 75®F., the optimum temperatures being between 40 and 60°. Chlor- 
rophyceae are most abundant in midsummer at 60 to 80°, and cyano- 
phyceae in the early fall at 70 to 80°. Chlorophyceae and cyanophyceae 
are more buoyant than diatoms and may contain oil globules or gas 
bubbles to aid their buoyancy. They are, therefore, found more fre- 
(j[uently near the surface and may even form a scum thereon. No fixed 
rule can be stated as to their general location, as variations in both 
seasonal and depth distribution are to be found. 

Protozoa, as a group, do not show any marked seasonal maxima, 
because of the different characteristics of the organisms in the group. 
They are most commonly found near the surface; some form a scum; and 
other genera, avoiding luiglit sunlight, are most abundant at depths of 
2 to 3 ft. Diffc^rent genera are to be found at all depths. The growth of 
protozoa is dependent more on the food supply than on the season, 
whereas plant growths show more distinctive seasonal variations, 
llotifera are found at all s(‘asous but are most abundant in the summer. 
(/rustac(‘a show variations in different bodies of water but have no 
marked maxima. 

448. Protection of Sources. Wells and other works for the collection 
of ground water and reservoirs, intakes, and similar structures for the 
collection of surface Avater recpiire protection against contamination. 
Pollution may travel underground for great distances, particularly 
througli underground watercourses such as ('\ist in liint^slone regions. 
In the constriH'tion of shallow wells in rural distri(*ts it is generally 
considered satisfactory to locate the well more than 100 ft. from the 
neare^st known sour(*e of pollution and to protect the top of the well, by 
means of a watertight curbing and cover, from contamination liy surface 
drainage. In the construction of dee^) \vells for municipal water supplies 
the log of the well should be kept to record the location of strata supply¬ 
ing undesirable w ater. This is later cased off before the completion of the 
W'ell. Additional precautions must be taken to prevent the pollution of 
the well from surface contamination. This is done by w^aterproofing the 
top of the w'ell so that w^ater cannot enter it and by providing drainage 
channels away from the top to prevent its becoming submerged. 

The protection of the quality of a surface water supply can be divided 
into two parts, that furnished by the policing and care of the watershed 
and that furnished by the treatment of the water. Full dependence for 
the protection of a water supply cannot be placed on laws and regulations. 
The protection furnished by the treatment of the water is by far the more 
effective and, in most instances, can be depended on. Watershed protee- 
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tion depends on the policies adopted by the responsible authorities. 
Some permit unrestricted use of reservoirs for recreational purposes/ 
limiting protection to the prevention of gross pollution by sewage or 
industrial wastes and the purification of the \\ater before distribution. 
Others depend on isolation of the reservoir and ^^atershed, allowing none 
but accredited employees of the waterworks authority to trespass on 
either, ^\"atersheds are forested to discourage trespassing, as a protec¬ 
tion against erosion, to prevent silting of r^'servoirs, and to provide 
revenue.- All grades of restriction of use are to be found betw^een 
extremes, each giving apparent satisfaction*^ locally. 

Where complete isolation ol the waUn-shed is impossible, the enforce¬ 
ment of reasonable regulations and the making of routine laboratory 
analyses of the water will furnish information of (‘hanges in (juality and 
will aid in controlling the operation of the purification i)lant to prevent 
dangerous pollution of th(‘ jHiblic water supply. Extreme \igilanee 
should be devoted to the detection of the outbreak of water-borne diseases 
on or in the neighborhood of the w^atershed, and steps should be taken 
immediately to isolate the sources of inf(‘ction. Where the watershed is 
large or is entirely iK'yond the control of the w^aterwoiks authoriiies, 
reliance cannot \yc placed on the continuous purity of the supjdy. Only 
purification will protect. 

449. Deterioration in Quality. After tieatment the quality of water 
may change as the result of various causes. In a distribution system the 
quality of the water may be aff^'cted by (1) corrosion of the pip(‘s; (2) 
flushing, which dislodges foreign matter; (3) ingress of dirt and living 
organisms through leaks; (1) cross conn<*ctions with polluted watei; (5) 
aftergrowths of organisms, including bacteria, algae, schizornycetes, 
worms, and insects; and ((>) solution of metals with wdiich tlu* water comes 
in contact. The deterioration of quality after purification may be 
subtle, discouraging, and more difficult to correct than the undesirable 
characteristic's of the original raw W'ater.* 

460. Effect of Storage. Storage of water may either benefit or injun* 
its cpiality. It is usually beneficial, however, as settleable mattcT will hc' 
removed by sedimentation, pathogenic bacteria and many others will die 
as a result of the unfavorable environment, decomposing organic matter 

^ See also Devendorf, Earl, “Recreational Use of Reservoirs," Jour. 1 W.W.A , 
April, 1939, p. 724. 

*See also Heilman, J. M,, '‘Forest Management for Newark," Jour. A.W.W.A.j 
January, 1947, p. 871. 

* Weston, A. D,, “Sanitation of Watersheds," Jour. New Engl, Water Works 
As8oc,j 1935, p. 306. 

* Howabd, N. J., ‘‘Water Quality Deterioration in Dietribution Systems," Jour, 
A.W.W.A., 28, p. 1044, 1936. 
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will be oxidized, and color will be bleached out in open reservoirs. The 
storage of water may be detrimental to its quality because of the growth 
of microorganisms in it. This is particularly true in the storage of 
treated waters or in the storage of ground waters in open reservoirs, as a 
favorable environment with sufficient food is provided without the exist¬ 
ence of predatory organisms to combat the increase of an undesirable 
species. The covering of the reservoir, used for the storage of treated 
water, will not assure the absence of difficulties, because the presence of 
desirable foods and the absence of light will encourage the growth of 
fungi, such as crenothrix, in the water. If a reservoir is to be (covered, 
care should be taken to exclude insects, particularly the flying kind, 
which lay eggs in the water, resulting in the production of undesirable 
larvae therein. 

The character of the catchment area materially affects the quality of 
impounded water because of the food supply and the type of organisms 
contributed to the reservoir. Swamps, ponds, puddles, or lakes may 
contribute sudden increases in organisms that are flushed into the 
reservoir by rains or freshets. Seasonal increases in organisms to which 
the (environment or the swamp or higher body of water is favorable may 
result in the appearance of organisms in large numbers in the reservoir 
into which these high(‘r bodiens of watcT are drained. 

The shape, d(‘j>th, and an^a of a r(\servoir affect organic* growths in 
ston'd water. A large surface an'a with a shallow depth is conducive to 
organic growth, since many troublesome organisms grow in the light near 
the surface. Both small and larg(' ivservoirs are susceptible to organic 
growth in tlu' wat(*r, Irn'gularly shaped shore lines increase the surface 
area for ('(jual capacity. They increase the growth of organisms along the 
shore, calk'd littoral organisms; and they furnish covc's, inlets, and 
protected harbors for growing organisms. A reservoir with a rough 
bottom is opc'ii to a similar objection in that the depressions furnish 
centers for organic growth. 

The storage of water will sometimc's affect its temperature undesir¬ 
ably, particularly that, of ground water, which may be brought to the 
surface cool and palatable, only to be cJianged to a tepid, distasteful 
licluid after storage under a hot sun, in shallow reaches, over submerged 
vegetation. 

461. Standards of Quality. The setting of a standard of quality to 
which all acce[)table Avater supplies must conform has frequently been 
att('mpt(‘d and has, as frc'queiitly, been shown to be unsuitable for all 
conditions. It is impcjssible to set standards that Avill not exclude some 
potable waters or that may not include some unsatisfactory waters. 
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Nevertheless there has been a continued and insistent demand for 
the promulgation of acceptable standards of general application. The 
widespread voluntary adoption of the “Drinking Water Standards“ 
adopted by the U.S. Public Health Service for the “Quality of Water on 
Interstate C'arriers” is an indication of the general desire for some form of 
acceptable yardstick of water quality. 

Standards of water quality can be divided into three types:’ (1) for 
water of exceptionally great natural purity, t2) for pure waters from a 
restricted area, and (3) for limits of matters permitted in waters. An 
example of the first type is the “Standards of the Hygienic Laboratory of 
the University of Michigan.’'- An example of the second is “Haines 
Local Standards for Waters on the East l^ank of the Delaware' River near 
Philadelphia.’’^ An example of the third type is the “Drinking Water 
Standards for Interstate Carriers’’ adopted l)y the L.S. Public Health 
Service/ as revised to Fell. (), 194(). Extracts have b(*en taken from these 
standards which are divided into four sections, as follows: 

1. Definitions of Toi ins. A standard portion of watci for bacteriological test¬ 
is designated to he either 10 ml. or 100 ml. Th(‘ standard samj)les in the bac¬ 
teriological test may consist of five portions of either of the above sizes. If a 
sample collected for bacteriological examination is from a disinfected Mij)j)ly, the 
sanijile must he freed of any disinfecting agent within 20 min. from the time of 
colh'ction. 

2. As to Source and Protection. The water supply shall he (d) obtained from 
a source free from pollution, or {(>) obtained from a source adeipiah'ly purifi(Ml 
by natural agencies, or (c) adeijuately protected by artificial treatment. 

The watoi’ system in all its ])arts shall !)e free from all known sanitary defects, 
and health liazards shall be systematically removed at a rate satisfactory to tlie 
rcjiorting agency and to the certifying authority. 

3. As to liacteriological (Quality. The minimum number of samples to be 
collected from the distribution system and e\amin(*d ... is based upon the 
relationship of jiopulatioii served. Of all the standard lO-ml. portions examiiK'd 
per month not more than 10 per cent shall show the presence of organisms of the 
fHiliform group. Of all the lOO-ml. portions examim'd per month not more than 
()0 })er (-(‘lit shall show tlie jiresence of organisms of the coliform group. 

The procedure given, using a standar<l sample compos(‘d of five standard 
portions, provides for an estimation of the most j)robable number of coliform 
bacteria present in the samph* as set forth in tli<* following tal)ulation: 

^ See Hinman, J. J., “Standards of Quality of Water," Jour. A.W.W.A.j Vol. 7, 
p. 821, 11)15. 

2 Public Healthy Michigan, Vol. 7, p. 9, .January March, 11)12. 

* See Haines, H., “DkviI Standards in Water Analysis,” Jour. Anal, and Applied 
Chern., Vol. .5, p. 281), May, 181)1. 

^ See “Drinking Water Standards,” Jour. A.W.W.A.y March, 11)40, p, .301. 
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Number of 
portions 

M.P.N.^ of coliform bacteria 
per 100 ml. 



When five 10- ml. 

1 

When five 100-ml. 


4 

portions are 
examined 

IKirtions are 
examined 

1 

5 

0 

than 2 2 

T..ess than 0.22 

4 

1 

2.2 

0 22 

3 1 

2 

5.1 

0 51 

2 

3 

<) 2 

0.02 

1 

4 

16 0 

1 60 

0 

5 

More than 16.0 

More than 1.60 


* M.P.N. m**Knn most piohuMe numhcM. 


Physical cliaractcristics. The turbidity shall not exceed 10 p.p.in. fsilica 
scale), nor shall the color exceed 20 (cobalt scale). The water shall have no 
objectionable taste or odor. 

Chemical Characteristics. The j)resence of lead in (‘\cess of 0.1 j).p,ni., of 
fluoride in excess of 1.5 p.ji.in., of arsenic in excess of 0.05 p.p.in., of selenium in 
excess of 0.05 p.p.m., of hexavalent (diromium in excess of 0.05 p.p.in., shall 
constitute ground for rejection of the supjily. 

Salts of barium, liexavalent chromium, heavy metal glucosides, or other 
substances with delet(‘rious jihysiological effects shall not be added to the system 
for water-treatment pur{)oscs. 

The following cht'inical substances whiclPinay be present in natural or treated 
waters should preferably not occur in excess of the following concentrations when 
more suitable sup])Iies are available in the judgment of the certifying authority: 
Cu .should not e.xceed ;i.() p.p.m.; Fc and Mn, 0.3 p.]).m.; Mg, 125 ]).j).m.; Zn, 
15 p.p.m.; chloride 250 ji.p.m.; .sulphate, 250 ]).p.m. 

Phenolic compounds .should not exceed 0.001 ]).p.m. in terms of plienol. 

Total solids should not exceed 500 p.ji.m. for a water of good chemical (juality. 
However, if such a \vat(‘r is not available a total solids content of 1,000 p.p.m. 
may be jiermitted. 

462. Governmental Control over Water Quality. Many federal 
agencies are concerned with the tiualily of different types of public xvater 
supplies. The.se agencies, together with some information concerning 
their activities, are listed in Talde 78. 

The standards of (iiuility for public xvater supplies scu-ved to the public 
by intei’state carriers, adopted by the U.S. Public Health Service, which 
has jurisdiction over them, have had a highly beneficial effect on the 
quality of most municipal xvater supplies. Although the service has no 
legal jurisdiction over the quality of a local public xvater supply, the 
moral effect of the possible condemnation of the supply for use in inter- 
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state traffic is ordinarily sufficient to cause the waterworks authority to 
maintain a high standard of quality. 

Table 78.—Federal Agencies Concerned with Urban and Kcral Water 

SupeuEs 

Agency Urban 

Bureau of Agricultural 

Engineering 1. 

Forest Ser\4(‘e^. I .... 

Soil Conserv’ation S(‘r- | 

vice^ .I .... 

Division of Grazing^. 

General Land OfTice^ . DSU 
National Park Service^. DSC 

Office of Indian Affairs. 

U.S. Geological Survey DS 
Boundary Commission, 

U.S., Mex.^. SCR 

C means auiwrvises construction. * Department of Interior. 

D means eolleeth data, s Stale Department. 

H means leuulates nonfederal activity. < Fedeial Secuiity Agcn< • , 

S means caines on stiidies and reKcareh. ^ I’.S Atinv. 

1 Department of Xfjiu ultiire. * Independent aKeneie* 

In most states and territories, control over the (luality of the })uhlic 
^^ater supplies of tlie region is vested by law in the state or territorial 
department of h(‘al11i. Under such laws the (piality of tlie wat(*r, tli(‘ 
method of operation of the waterworks, and projects for the alteration or 
('xtension of works providing water for public use are subject to review by 
the health authority. In most large* cities, state supervision of the 
(piality of the vater su])ply is nominal, the responsibility b(‘ing left in the 
hands of the local liealth authority or the waterworks department. 
Education and persuasion have b(*en found more effective than threat and 
precept in the maintenance of satisfactory puldic wateu* supplies. 

463. Purposes and Methods of Water Purification. Jhiblic water 
supplies are purified primarily to protect the pulilie h(‘alth. They are 
purified also (1) for esthetic reasons, r.f/., in the n‘moval of taste, odor, 
color, and turbidity; (2) for (economic n*asons, vjj , in softening to mini¬ 
mize laundry costs; (3) for industrial purposes, e.r/., in the pnjparation of 
water suitable for use in boilers; and (4) occasionally for other reasons 
such as for swimming pools, to reduce corrosiveness, or to combat goiter 
or fluorosis. 

Water can be purified by screening, sedimentation, sedimentation 
with coagulation, filtration, and by other miscellaneous methods. It is 
to be noted that mechanical, chemical, and biological methods and equip- 


Rural 

Agency 

Urban 

Rural 


Interna tit»nal Joint 



DS 

Coiii mission®. 

SR 


DSC 

Public Health Service'< 
Corps of Engineers'^. ' 

SR 

S 


DSC 

Emergency Const'rva- 



I)S(' 

1 tioii Work<^. 

V 

C 

nsu 

' National Resources 




I Committee*... j 

s 

S 

DSC 

1 Panama Canal®. 

DSC’ 


DS 

P.W.A.8. 


c 


R.F.C.®. 

C 



W.P.A.8. 

C 1 

c 












406 


WATER SUPPLY ENGINEERING 


ment are involved in water purification and it is to be emphasized that the 
principal purpose of water purification is the protection of the public 
health through the prevention of water-borne diseases. 

464. Water and the Public Health. Experience has shown that an 
improvement in the quality of the public water supply is followed by an 
improvement of the public health.* 

Pollution of the public water supply and outbreaks of disease have 
been traced to various causes, among them being the contamination of 
surface watersheds by human activities, such as the construction or 
existence on them of camps, railroads, or liighways; the leakage of 
polluted water into wells or other sources of underground water; the 
breakage of aciueducts or of submerged distribution pipes permitting the 
leakage into them of polluted water; the inundation of parts of a water¬ 
works by floods of contaminated water; the relaxation of vigilance^ in the 
purification or sterilization of a public water supply; the dropping of 
carrion into reservoirs by l)irds; and the creation of breeding places for 
mosquitoe's and other flying insects. 

466. Diseases Borne by Water. Living matter that causes disease in 
man can be transport(‘d by various means, sucli as the liands; clothing; 
dust; sewage; refuse; food, (*itlH»r licpiid or solid; and water. Tlie variety 
of forms of living matter borne by w'ater seems unlimited, but the varie¬ 
ties of pathogenic germs that can be carritnl by wat(T are few'. This is 
because of the unnatural environmemt offered to the pathogenic germs in 
natural waters. The natural (environment of pathogenic germs is the 
human body and the bodic's of other warm-blooded animals. 

Among the best known sp(H*ific disceases whose g(*rms can be carricMl by 
water are typhoid fever, dysent(ry, and cholera. Typhoid fever is the 
most important of these, as measured by the number of deaths reported 
annually within the registration aiva in the United States.- Water has 
been suspected of carrying infectious h(‘patitis.'^ An epidemic of amebic 
dysentery that occurred in Chicago in 1933* attracted nationAvide atten¬ 
tion because of the spectacular nature of the outbreak and the A\id(* 
distribution of the resulting cas(‘s ov(t the country. The epidemic 

* So(* Skixjwick, W, T., and J. S. Mc’Veri, Jour. lufrrtious ])iseasis, Vol 7, 
p. 489, 1910. 

* Se(* also (ioRMAN, A K., and Wolman, “Wator-bonu* Outbn'aks in the 

United State's and Canada and Th(‘ir Signiheance,” with brief bibliography, Joui. 
A.W.W.A., February, 1939, p. 225; and ‘‘Typhoid in the T^arge Cities in the United 
States in 1945,'’ Jour, Am. Med. Assoc., Vol. 131, p. 817, 1946. 

* See also Neefe, J. R., and J. Stokes, Jr., Jour. Am. Med. Assoc., Vol. 128, 
p. 1063, 1945. 

*Soe "Epidemic Amebic Dysentery—The Chicago Outbreak of 1933,” Nat. Insi. 
Health Bull. 166, 1936. 
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resulted from the pollution of ice water by sewage that escaped from a 
leaky and surcharged soil pipe passing over a water (*ooler. 

Epidemics of water-borne outbreaks of infectious hepatitis have been 
recorded,^ and some evidence is availal)le that poliomyelitis may be water¬ 
borne. * 

The transportation by water of pathogenic bacteria causing other 
specific diseases will occur only under exceptional circumstances. Path¬ 
ogenic bacteria, viruses, and other disease-causing organisms that can be 
water-borne are dis(‘ussed on pages 392 and 393. 

466. Other Diseases Due to Water. Diseases other than those of 
organic origin that may be related to the quality of the water supply 
include goiter, lead poisoning, other metallic poisonings, fluorosis or 
mottled enamel of the teeth, and nonspecific intestinal derangements. 

Tlie absence of iodine from water is assumed to be a contributing 
cause of goiter. ^Hlne of the most extraordinary facts of recent medicine 
and surgery is that goitei may be a factor in the o(‘currence of malignaiK^e 
or cancer.”^ The amount of iodine that may Ix' re(|uired to maintain 
health is so small as to be undetectable in routine sanitary or mineral 
water analysis. It has ])een suggested that the addition of 0.1 lb. of 
sodium iodid(* per million gallons of water will prevent goiter, and this has 
been attempted in a few places, notably at Hochest(r, N.Y.* 

Methemoglobinemia is a disease of infants, sometimes fatal, resulting 
from the ingestion of large amounts of nitrates found in some waters.^ 
The disease results from feeding w ith milk that has been diluted with well 
water containing 180 to ()I9 p.]).ni. of nitrates. 

]>ead is sufficiently soluble in A\at(*r to be a mcmace to health. The 
dangers of lead poisoning are increased becaus<* of tin* tendency of the 
body to store rather than to (‘liminate lead. Small (plantiti<‘s of l(*ad, if 
taken regularly, may be stored in the system until a suffi(*i(*nt (piantity 
has been accumulated to produce the symp1;oms of lead poisoning. 
Evidence has been pn^ducicd*’’ to cast some doubt on th(' inability of the 

^ Xekfe, Jouv H. ami J. Stokes Jr, “.\ii Kpidcinio of Infectious Hi'patitis 
Appar(‘ntly Due to a Waterborne Agent,” Jour. Am. Mai. Asaor.^ Vol. 12S, p. 1063, 
1045, and Tri ssell, R. I*]., “Kpideniiological Aspects of an Outbreak of Infectious 
Hepatitis,’^ Am. Jour. IIyg., Vol. 45, p 33, 1947. 

^SeoBEY, Ralph R , “The Role of Water in the Etiology of l^)lioniyclitiK,^' Arch. 
J*ediat., Vol. 03, p. 507, 1910. 

3 Weston, W., “Iodine and Nutrition,” Am. Jour. Pub. Health, Vol. 21, p. 715, 
1931. 

^ See also “Water Works Practice,” Aim‘ricaii Water Works Association, 1925, 
p. 275. 

^ Ferrant, Maurice, “ Methemoglobinemia,” Jour. Pediat., Vol. 29, p. 585, 1946. 

" See also Negi^s, S. S., “Here’s to Vour Health,” Water Works Eng., Mar. 2, 1938, 
p. 266. 
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body to eliminate lead, but its subtle dangers are, nevertheless, quite real. 
Since 0.5 p.p.m. is considered dangerous to health, the use of lead in 
contact with potable water is considered, by some authorities, to be 
dangerous. Neither lead nor zinc paints should be used on surfaces in 
contact with potable water. Asphaltum, silicate, or enamel paints are 
preferable.^ 

Other metals whose presence in too large a concentration may derange 
bodily metabolism suffi(;iently to cause disease in(;lude copper, zinc, and 
iron. In gen(‘ral, however, the physiological effect of the small quantities 
of these metals found in natural waters or dissolved from conduits or 
containers may be beneficial rather than injurious to health. 

Flu(jrosis, a defect of the enamel of human teeth, is caused by the 
destructive action of fluorine in the water supply. Evidence points to 
the defect’s l)(*ing caused by the action of fluorine on the teeth during their 
eruption in childhood. Normally formed teeth have never been known to 
becoiiu' mottled after eruption.*^ On the other hand, attention has been 
called to the n(‘(‘d for a minimum fluoride content in drinking water to 
inhibit (kmtal caries.^ Some cities are adding fluorine to the public 
water supply for this purpose.* 

Int('stinal derangements may result from the presence in water of an 
excess of magnesium sulphate*, of other alkaline substances, or of undesir¬ 
able organic matter or (*ven from tlu* lack of certain substances to which 
the body has become habituated.*^ In recent years several outbreaks of 
gastroenteritis have occurred which, from cei’tain aspects, appeared to be 
water-borne but where ba(*t(*rial pollution of the water supply was not 
indicated by tlu* conventional methods of examination. Authoritative 
opinion indicates that there is no d(*finite information at present that this 
physiological d(*rangement is water-borne.® Hardness in water has 
sometimes b(*en h(*ld its a cause of vai'ious physiological derangements. 
Authoritative investigators have concluded, however, that where the 
degree of hardn(»ss is such as to make the water fit for domestic use 

1 See also IIowakd, C. H., “Ijoad in Drinking Wator,” Am. Jour. Pub. Healthj 
Vol. 13, p. 207, 1923. 

2 St*e also Smith, Lank, and Smith, Vniv. Ariz. Coll. Agr., Tech. Bull. 32, .June 10, 
1931; and Kider, ,1. H., “l<]\p<Tiencc with Fluorine in Water,” Jour. A.W.W.A , 
November, 1935, p. 1510. 

® See also (\)X, G. J., *‘New Knowledge of Fluorine in Relation to Dental Caries,” 
Jour. A.W.W.A., November, 1939, p. 1926. 

* ‘GCvanston to Experiimuit with Fluorine in Water,” Eng. Xeirs-Record, Apr. 3, 
1947, p. 81. 

^ See also Neocs, S. S., “ Physiologieal .Aspeets of Mineral Salts in Puhlie Water 
Supplies,” Jour. A.HMF./l., February, 1938, p. 242. 

• Sec also Symposium, ‘ How Are l^iblic Water Supplies Related to the Incidence 
of Oastro-enteritis,” Jour. A .W.W.A., August, 1937, p. 1137. 
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no physiological derangement will result from drinking hard water.* 

467. Cross Connections.^ To drink the mixture from a recently used 
water closet, to bathe in the waste liquids discharged from a urinal, to 
plunge into the diluted contents of a bed pan, to purge a wound with the 
drainage from an operating table, is worse than disgusting. Such 
conditions may result from the existence of a cross connection. 

A cross connection is any physical connection, either direct or indirect, 
that will permit or may possibly permit the flow of nonpot able water into 
a conduit or receptacle containing potable water. A direct connection 
consists of a continuous conduit leading nonpotablo water into the potable 
water supply. An indirect connection consists of a gap or space across 
which nonpotable water may fall or be sucked, blown, or otherwise made 
to enter the potable supply. 

Ooss connections may occur in the distribution system controlled by 
the waterworks or in the house plumbing controlled by the consumer. 
Their effect, however controlled, is to deliver polluted or coiilaminated 
water to the consumer resulting in death, disease, or property damage. 

Tlie existence of permanent or temporary, active or potential cross 
connections is more extensive than is generally appreciated. Thousands 
of cases of water-borne disease resulting from unsusp(‘c(ed cross connec¬ 
tions are recorded in the literature. The waterworts may be financially 
liable and the management may be criminally liable for injuries resulting 
from the existence of cross connections. 

Some common types of cross connections exist where hydrant, drains 
discharge into sewers, water pipes are laid in the same trench with sewer 
pipes or pass through sewer manholes, outlets to fixtures containing 
polluted water are above the inlets, etc. Dangerous temporary cross 
connections occur where a hose attached to a water pipe is allowed to hang 
in a container of polluted water or which may contain polluted water. 
Another serious hazard from temporary cross connections occurs along the 
water front where ships take water from the jmblic water supply, connect¬ 
ing the ships thereto. If the fire pump on the ship, drawing polluted 
water from the harbor, is started before the shore connection is broken, 
polluted water is pumped into the public w'at('r supply. Ships are known 
to have polluted themselves, other ships, and shore installations in this 
manner. 

Eternal vigilance is the price of cross-connection prevention. Poten¬ 
tial hazards must be eliminated. Single check valves are unsatisfactory 
safeguards. Under certain conditions double check valves with facilities 

* Sec also Negus, S S , “Here’s to Your Health,” Wutrr Worka, Eng., March 2, 
1938, p. 266. 

* See also Goudey, H F., “Practical Aspects of Cross (bniiectious,” Jour. A. W. 
W. A., March, 1941, pp. 391 and 495. 
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for drainage between them are permissible. Other protective devices in 
practice include (1) air-relief valves and vacuum breakers designed to 
admit air and break any vacuum in the water lines; (2) flush valves and 
integral vacuum breakers that keep the valves closed when a vacuum is 
applied; (3) other ingenious types of valves designed to close on actual or 
impending backflow, none of which is generally accepted by health 
authorities; (4) swing connections that permit a private water supply to 
be connected either to the public water supply or to a polluted source of 
water but not to both simultaneously; (5) nipples, permitting the tem¬ 
porary connection of fire pumps drawing water from a polluted source; 
(6) the use of open tanks at heights greater than 34 ft.; and (7) the pro¬ 
vision of a vertical air gap greater than about one inch, between the inlet 
and the outlet lev(4 of a fixture. 

(VoHsov(Ts and interconnections should not be confused with cross 
connections. A crossover or interconnection is a connection between two 
potable public water supplies, or between districts in the same supply. 

(Jross connections are made for various reasons, among which may be 
included the following: to permit the supplementing of an uncertain or 
inadecpiate private watcu’ supply by means of the public water supply; to 
furnish w^ater from or to the public water supply for fire protection; to 
permit the filling, flushing, or cooling of fixtures or other equipment; and 
for other reasons. The making of cross connections is difficult to prevent; 
their existence is hard to detect; and their correction may be inconvenient 
and e\p(*nsive. They are Ix'st cured by l)reaking the connection or by 
abating the conditions that permit the potential danger, (’heck valves 
and gate valves are not considered satisfactory safeguards. 



CHAPTER XXV 


INTERPRETATION OF WATER ANALYSES 

468. Purpose of Analysis. Water is analyzed (o determine its 
suitability for various purpos(*s and as an aid in the control of purification 
processes. It may be analyz(‘d for its sanitary ipialities, for its mineral 
constituents, for the forms of microorganisms in it, for the tjualities 
needed in certain industrial processes, etc. TIjo form of analysis most 
commonly depended upon to determine the suitability of the vater as a 
public supply is the sanitary analysis. Standard methods for the making 
of sanitary water analyses have l>een prepared and publislu'd by the 
American Public Health Association.' These are widely recognized and 
serve as a guide for laboratory technicians in making the analysis and to 
sanitarians in interpreting the results. 

The sanitary analysis of a w^atcr requires the defennination of those 
charat’teristics and constituents whi(*h might have a Ix^aring upon its 
suitability as a beverage. A sanitary analysis in(*ludes a physical, a 
chemical, a bacteriulogical, and occasionally a microscopic examination of 
the water. Mineral analyses are made primarily to (h'termine the 
suitability of the water tor industrial and other ])urposes. The con¬ 
stituents and characteristics determined in a sanitary analys(*s are not 
always, in themselves, und(‘sirable, but they may point to conditions or 
({ualities that are. 

A complete n*port upon the suitability of a water as a source ol a 
public supply should include both a compl(*t(‘ sanitary analysis and a 
sanitary survey. 

469. Sanitary Survey. A sanitary survey of a wat(T is a study of the 
environmental conditions that may affect its potability. It is not» 
practicable to base an opinion of the sanitary (piality of a wat(M- upon 
laboratory analyses alone. It is necessary to liave kno\vl(Mlg(‘ of the 
history and environment of the water. The sanitary survey, aidc^d by a 
complete sanitary analysis, together with knowledge of the significance of 
the various factors involved, furnishes sufficient data upon which to base 
the acceptance or rejection of the water as a source for a public supply. 
Recommendations governing the scope of a sanitary survey have been 

^ “Standard Methods for the Examination of Water and Sewage,^^ 9th ed., 1946 
American Public Health Association. 


411 



412 


WATER SUPPLY EyGINEEKING 


made by the U.S. Public Health Service.‘ An inspection is often worth 
more than an analysis and may save both the delay and the expense 
incident thereto. 

Tlie scoring of the sanitary ((uality of water supplies has been at¬ 
tempted l>y sanitarians, the s(‘oring being based on the sanitary survey 
and a compl(*t(* sanitary analysis of the water. The numerical weights 
given to the various conditions in scoring scales indicate their relative 
values in the opinions of the respective sanitary authorities. Such 
scores may be a guide to judgment in the selection of a proposed source 
for a water supply.^ 

460. Samples. Because of the probable daily and seasonal changes in 
the (|uality of a natural water, it is desirable that samples for analysis 
should be collected frequently and over a long period of time. In the 
laboratory control of a purification process, samples should be taken with 
sufficient fre({uency to permit the necessary changes in the method of 
operation, d'he proper collection of a sample of water for analysis is 
of great importance Ix'cause of th(‘ danger of contamination at the time 
of sampling or the collection of a nonrepresentative sample. The con¬ 
demnation of a valuable sourc(» of water supply might result from a 
dirty finger placed in the mouth of the sampling bottle or the collec¬ 
tion of a concentration of scum from the surface or sediment from the 
bottom. 

461. Physical Characteristics. Idie (diaracteristics of water that are 
rep()rt(‘d in a physical analysis include temperature, color, turbidity, and 
odor. 

462. Temperature. The most desirable range of temperatures for a 
public ^vater supply is lK*tween 10 and 50°F. Natural vaters are seldom 
found below 40°. As the t(‘mperaturc rises above 50° the A\ater becomes 
less palatable and less suited to certain uses, such as air conditioning. 
Temperatures above 80° are undesirable, and above 90 to 95° the Avater is 
unlit for a puldic supply. Hecords of the temperature of the raw A\ater 
are d(‘sirable in the operation of a purification plant because the character 
of the load vari(‘s A\ith the temperature, and more coagulant is recpiired by 
cool than by warm water. Temperature observations at the source in a 
deep lake or river may guide the operator in securing water from the most 
desirable depth or location. 

463. Color. Color in water has little sanitary significance except 
possibly to indicate its source. Its presence is undesirable esthetically, it 

1 Pub. Health Repts., Apr, 10, 1925, p. 693. 

* Chase, E. S., before New England Water Works Association, St'pteinher, 1925; 
Eng. and Contr.^ Dee. 9, 1925, p. 1263, Hortos, T , and E. S. Chase, “Scoring Water 
Supply Quality,’^ Eng. A>r«, Vol 77, p. 134, 1917. 
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may stain materials with which it comes in contact, and it may complicate 
coagulation in purification processes. The standards of the l^S. Public 
Health Service limit the permissible amount of color in an acceptable 
water to 20 and preferably less than 10 p.p.m. 

Color in water may be due to mineral or organic matter in solution, as 
a colloid, or in suspension. It is usually due to organic matter in colloidal 
suspension. The coloring materials may be procunxl by surface waters 
when flowing through swamps or by ground waters by the solution of 
minerals. Since color can be removed through adsorption by colloids, 
and since turbidity is caused principally l)y colloidal matter, turi)id waters 
are less likely to be as highly colored as clear waters subjected to the same 
conditions. Swampy waters may appear black through the ink formed 
by a combination of organic* acids with taiinates and gallatc's. A yellow 
tinge may indicate an iron-bearing water colorcnl wh(‘n the iron is thrown 
out of solution either by oxidation or through the* rc'lease of carbon 
dioxide. 

464. Turbidity, Turbidity is a measure of ^he suspend(*d and 
colloidal matter in the water. It may be measured by observing the 
depth at which a standard platinum wire disappe^ars from vi(*w when 
immersed in a sample of water undcT standard ligliting conditions. The 
color and intensity of the turbidity may reveal, to an e\p('rien(*ed eye, the 
scHirce of the water. For example, a water supply mjiy be taken from a 
river below a number of tributaric'S draining dirfer(*nt lyix's of drainage 
areas. The turbidity of the* stream would reveal w'hi(‘h tributary is 
contributing most of the flow. 

Sediment producing visible turbidity is ordinarily composed of fine 
particle's of sand or clay, and, as such, it is not particularly detrimental to 
the potability of the water or to most industrial uses. The indication of 
surface runoff sugg(*sts, however, the possible presence of pollution result¬ 
ing from the washing of the ground surface and may arouse suspicion of 
the sanitary safety of the water. 

Turbidity greater than about 0.5 p.p.m. is noticeable under conditions 
favorable for observation, as in water held in a white (‘namc'l plumbing 
fixture. Turbidities of surface waters may vary from I p.p.m. upw^ard 
into the thousands. The H.S. Public Health Servicx*^ standards limit the 
permissible turbidity to 10 p.p.m. and suggests that, in general, it should 
not excec'd 5. 

\"ariations in the turbidity of a raw’ w^ater may occur rapidly at a 
purification plant, resulting in undc'sirable effects on the purification 
process and demanding constant vigilance in guarding against them. 
An ^‘electric eye” has been devised that wdll w^arn an operator of 
1 Pub Health Repts , \pr. 10, 1925, p. 603. 
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changes in turbidity of the water which will require a change in plant 
operation.* 

466. Odors and Tastes. Odors and tastes in a water supply may 
result from any one or a combination of such conditions as the presence of 
(1) microorganisms, either alive or dead; (2) dissolved gases such as 
hydrogen sulphide, marsh gas, carbon dioxide, or oxygen combined with 
organic matter; (3) mineral substances such as sodium chloride, iron, 
carbonates, and sulphates; and (4) phenols and other tarry or oily wastes, 
especially after chlorination. Some tastes, such as those imparted by 
oxygen or carbon dioxide, are desirable, but the tastes imparted by most 
substances an» disagreeable. Tastes and odors may originate through 
the solution of substances as the water flows through or over the ground. 
They may also originate in the purification procedure as a result of 
chlorination or through solution of or reaction with substances in the 
water distribution system such as asphaltic or bituminous coatings on 
pipes or reservoirs or the zinc in galvanized iron or in brass. An increas¬ 
ing cause of disagree^able tastes in w^ater is the pollution by acid mine 
wastes and by industrial wastes, of wdiich coal and wood distillation form 
a large part, ''fhese tastes are characteristically medicinal or phenolic, 
are detectable in extremely dilute concentrations, are intensified by 
chlorination, and are difficult to remove. 

The odor of a water is dependent, to some extent, on ith temperature. 
The odor when the vvat(‘r is hot may l)e diffcu-ent from what it is wdum 
cold. It is usually sufficient in a routifu' analysis to determine only the 
odor wdien cold, but a thorough analysis should include a statement of the 
odors both hot and cold, since the biological history of the W'ater may be 
clarified by its odor. 

Standard Methods of Water Analysis of the Amciican Public Health 
Association include a method for both the qualitative and the quantita¬ 
tive determination of odor, No widely accepted method has been 
devised for the determination of tastes. V. II. Spaulding- has suggested a 
method for the (piantitative determination of odor that has received wide 
recognition. This method reejuires the determination of the ‘threshold 
number^’ of odor. This is define<l as the reciprocal of the highest dilution 
of the water that can be distinguished from odor-free water. Sinc(‘ the 
expression of the quality of an odor depends on the experience and train¬ 
ing of the observer, the correct expression of odor qualities is difRcult. 
For example, in the qualitative scale of odors suggested by Standard 

^ “The Radiovisor Turbidity Indicator,’’ Water and Water Eng., July 20, 1933, 
p. 467. Gross, 1). D., “Electric Eye Guards Water Supply of Denver,” Eng. Neu's- 
Record, May 21, 1931, p. 365. 

* See SpAi'LDiNG, C. H., “Quantitative Determinations of Odor in Water,” Am. 
Jour. Pub. Healthy September, 1931, p. 1038. 
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Methock^ appear the terms “earthy’’ and “peaty.” One not acquainted 
with the odor of peat would probably not describe such an odor correctly. 

466. Chemical Analysis. In the sanitary chemical analysis of water a 
complete determination of the chemical constituents of the water in their 
quantitative relations is not made. Tests are made that are merely 

Table 79.— Guide to the Interpretation and Use of Sanitary Chemical 

Analyses of Water 

(Based on average conditions in Pennsylvania. Results expressed, where possible, in 

parts per million) 


Indicator 

Good 

Fair 

Suspicious 

Average 

sewage 

Cblor. 

; 0 

0 -5 

5 and up 

(compara¬ 

tive) 

lliKh 

Odor . 

1 None 

Negligible 

Noticeable 

Strong 

Turbidity. 

0 -0.2 

0.2 -1.0 

1.0 and up 

50 and up 

Alkalinity. 

5 100 

5 -125 

1 

50 -150 

Hardnc‘ss. 

5 -50 

50 -100 

2 


C’arbon dioxkh*. 

1 • 5 

5 -10 

10 and up 


pH. 

0.0 -7.2 

6.0 7.5 

s 

5.0 -8 0 

Total solids. 

10 -50 

10 -100 

100 up 

200 -1500 

Dissolved. 

' 100';;--96%< 

96% -90%, 

90% and under 

75%,-25% 

Suspended. 

tT 

1 

c 

4 -10% 

10% and up 

25 -75%, 

Volatile. 

0 -10% 

10 -20% 

20% and up 

25 -75% 

I’ixcd. 

10()9:-!K)% 

90 -80% 

80%, and undtT 

25 -75%, 

Chlorides. 

1 -2 

2 -5 

5 and up 

20 -150 

Oxygen consumed. 

0 -0.1 

0.1 -1.5 

1.5 and up 

25 -125 

Nitrogen: 

Ammonia. 

1 

1 

1 0.002-0.02 

0.02 -0.05 

0.05 and up 

5 -50 

Albuminoid. 

0.010-0.05 

0.05 -0.1 

0.100 and up 

7 -35 

Nitrites. 

0.000-0.001 

0.001-0.003 

0.003 and up 

0 -0.2 

Nitrates. 

0.000 0.10 

0.10 0.50 

0.50 and up 

0 -10. 

I ron. 

0.0 0.1 

0.1 -0.3 

0.3 and up 


Manganese. 

0.0 -0.1 

0.1 -0.2 

0.2 and up 


Dissolved oxygen. 

100% 

90 -100% 

90%, and under 

0 


* or tii)ovp 12.^). " BpIow or above* 1(K). •’ BpIow C or above 7.5. * Per eent of 

total solids. 


indicative of the quality of the water. The substances and character¬ 
istics determined and r(»ported on are, of themselves, harmless in rela¬ 
tively high concentrations. A guide to the interpretation of the 
significance of these chemical indicators is shown in Table 79.^ 

^ ‘‘Standard Methods for the Examination of Water and Sewage,^’ 8th ed., 1936, 
American Public Health Association, with corrections. Jour. A.W.W.A.^ November, 
1939, p. 1945. 

* See Shank, J. J., “('hernical Analyses of Water and Their Interpretation,’* 
Penna. Water Works Operators^ Rept.^ 1940, p. 63. 
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467. Oxygen. Oxygen in water may be reported as dissolved oxygen, 
oxygen consumed, or biochemical oxygen demand. Dissolved oxygen 
represents the amount of oxygen in solution. Natural surface waters of 
a satisfactory quality should be saturated with dissolved oxygen; a 
deficiency indicates pollution. Natural underground waters deficient in 
dissolved oxygen may be satisfactory as a public supply because of the 
consumption of the oxygen by reactions with underground minerals. 

Table 80.— Soli bility of Oxygen in Water 
(Under an atmospheric pressure of 700 mm. of mercury, the atmosphere eontaining 

20.9 per cent of oxygen) 


Temperature, degrees Centigrade. 

Oxygen, parte per Qiillion. 

0 

14.6G 

1 

14.23 

2 

13.84 

3 

13.48 

4 

13.13 

5 

12.80 

Temperature, degree* Centigrade. 

Oxygen, parte per million. 

6 

12.48 


8 

11.87 

9 

11.69 

10 

11.33 

11 

11.08 

Temperature, degrees Centigrade.... 
Orygen, parte per million. 

12 

10.83 

13 

10.60 

14 

10.37 

m 

16 

9.95 

17 

9.74 

Temperature, dcgrcce Centigrade.... 
Oxygen, parts per million. 

18 

9.54 

19 

9.35 

20 

9.17 

21 

8.99 

22 

8.83 

23 

8.68 

Temperature, degrees Centigrade.. . . 
Oxygen, parte per million. 

24 

8.53 

25 

8.38 

26 

8.22 

27 

8.07 

28 

7.92 

30 

7.63 


Organic matter, pariicularly of a carbonaceous nature, when boiled in 
acid solution with potassium permanganate will unite with the oxygen in 
the permanganate. The amount of oxygon removed in this manner from 
a known (luantity of the* ])ermanganate is called the oxygen consumed. 
The oxygen-consumed ele'termiiuitiem is an empirical parameter which 
makes possible comparise)ns of the changing quality eif any particular 
water supply, but it is of little value in dete^rmining the quality e)f an 
unkne)wn semree of supply. In ge*neral, a water of good quality should be 
le)w in oxygen consumed., 

Organic life in natural surface waters requires the presence of oxygen. 
If a sample of the water is placed in a hermetically sealed container, the 
oxygen dissolved in the original sample will be consumed by the biological 
metabolism of any organic life that may be present. The amount of 
oxygen thus consumed is known as the biochemical oxygen demand, 
commonly abbreviated and expressed as H.O.D. It is a measure of the 
amount of organic life and food in the water. The test is seldom used in 
the determination of the quality of a water supply, because high con¬ 
tamination is necessary to produce a significant amount of B.O.D. 

468. Nitrogen. Nitrogen may be reported in a sanitary water 
analysis in four different forms: albuminoid ammonia, free ammonia, 
nitrites, and nitrates. Total organic nitrogen comprises the nitrogen 
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equivalent of nitrogenous compounds in various stages of hydrolysis, 
trom complicated proteins to amino acids. The presence of nitrogen 
indicates only the presence of organic matter in the water. The state of 
the nitrogen indicates the relative remoteness of the contact of the water 
\N itli the organic matter. Either free or albuminoid ammonia is generally 
considered evidence of pollution unless present in small quantities. The 
presence of these indicators requires explanation; it proves nothing. 

llie presence of nitrites and nitrates indicates an organic contact 
sufTiciently remote to permit of some oxidizing action. Nitrate in waters 
is commonly reported in terms of the nitrogen equivalent, but in mineral 
analysis results are reported in terms of the acid radical (NO 3 ) and, as 
such, in ground waters has no sanitary significance. The quantity of 
ammonia in natural A\ater is seldom sufficient to recjuire its removal to 
irnpiove the potability of the water or its quality for other purposes. 

llie importance of nitrogen determinations in a study of the sanitary 
quality of a water has been superseded by more direct and us<'ful bac¬ 
teriological tests. 

469. Chlorine and Chlorides. Free chlorine is not found in natural 
waters, but it may be in wafers that have been chlorinated. It is usually 
desirable that after chlorination a small amount of fne chlorine, not to 
e\(*(»ed 0.2 p.p.m., shall be present in the water. The existence^ of the free 
chlorine indicates that the water has been thoroughly chlorinated. The 
presence of this amount of fn^e chlorine has no undesirable effect upon the 
health of the consumer. 

Chlorine, as chloride, may be present in natural watcTs. The presence 
of chlorides in a concentration higher than is found in natural unpolluted 
waters in the locality is an indication of pollution by animal excreta or 
saline industrial wastes. An excess of chlorides is a danger sign because 
of the nature of their source. Since soluble chlorides are not available, to 
an appreciable degree, as food for organisms, the concentration of the 
soluble chloride's can be reduced only by dilution, the change' in concentra¬ 
tion being a direct measure of the dilution. 

470. Alkalinity and Acidity. Alkalinity exists in three forms: as 
normal carbonate, as bicarbonate, and as hydroxyl or caustic alkalinity. 
They can be distinguished from each other by titration with methyl 
orange and phenolphthalein indicators.^ The three forms of alkalinity 
can be computed from the pll and total alkalinity by means of equations 
based on physical chemistry.^ 

^ Sop Theroux, F. R., and others, ^^Laboratory Manual for Chemical Analysis of 
Water and Sewage,” p. 140, 3d ed., McGraw-Hill Book (Company, Inc., New York, 
1943. 

2 See also Moore, E. W., Graphical Determination of Carbon Dioxide at the 
Three Forms of Alkalinity,” Jour. A.W.W.A., January, 1939, p. 51. 
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Although acidity in water is generally considered undesirable, a low 
acid content is not detrimental to the potability of the water. In fact, 
pathogenic bacteria die more quickly in acid than in alkaline waters. 
Some bacteria form spores in acid water. These spores become active 
when the water is rendered alkaline in purification, thus reducing the 
apparent efficiency of the process. Acidity may be neutralized by the 
addition of soda ash in sufficient quantity to furnish a slight excess of 
alkalinity. 

Alkalinity and acidity are expres.sed in terms of the equivalent weight 
of calcium carbonate. The terms are thus an expression of the amount or 
weight present and are no indication of the intensity, or ‘^strength,'' of 
the reacting abilities of the substances present. This characteristic is 
measur(‘(l by the degree of ionization of these substances in solution. 

471. Hydrogen-ion Concentration and pH.^ Knowledge of the 
significance of hydrogen-ion concentration is used in waterworks practice 
principally in the chemical control of purification processes. The 
expression of the concentration of hydrogen ions in a solution may require 
so small a figure as to be inconvenient, because of the number of ciphers 
between the decimal point and the first significant figure. For example, 
th(‘ hydrogen-ion concentration in a molal solution^ of acetic acid is 0.004, 
and of a molal solution of ammonium hydroxide is 0.000000000025. In 
order to avoid the inconvenience of such figures, it has become the custom 
to (‘xpress tlie hydrogen-ion concentration in terms of the symbol pll, 
which is defined as the logarithm of the reciprocal of the hydrogen-ion 
conciuitration. The pH of a molal solution of acetic acid is, therefore, 
2 .1; and of ammonium hydroxide is ll.b. 

It is to be noted that ammonium hydroxide dissociates into NIH*^ 
and ()H~ ions, appanmtly containing no H'*’ ions, a characteristic of all 
alkaline eh'ctrolytes. Because of the relationship between ions and 
Oil" ions in pure water, it is possible to express hydroxyl ions in terms of 
hydrogen ions. 

It is known from th(‘ law of mass action that in the solution of an 
electrolyte the following relation exists: 

Concentration of cations X concentration of anions _ ^ ^ 
Concentration of undissociated molecules ^ 

This constant is called the dissociation constant of the electrolytic 
solution. It has been determined from the electrical conductivity of pure 

^ Sop also ("lauk, W. M., “The Doterniination of Hydrogen Ions,” 2d ed., Williams 
& Wilkins CVnnpany, Baltimore, 1923. 

* A molal solution of a substance contains, in 1 1. of solution, that number of grams 
of the substance equal to its molecular weight. 
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ater and from the law of mass action that 


Concentra tion of H ions X concentration of OH ions 
Concentration of undissociated HOH molecule^ 


10~i4 


T^ut since the concentration of H"^ ions must equal the concentration of 
()H~ ions, for electrical neutrality, and the concentration of undissociated 
molecules in pure water is practically 100 per cent or unity, the relation¬ 
ship between and OH”" ions can be written as 


Concentration of 11+ 


10 

concent rat ion (IH” 


( 1 ) 


From this relationship the concentration of OH~, or other nej^ative ions, 
can be expressed in terms of the equivalent hydrogen-ion concern!ration. 

In pure water the concentration of IC ions ('quals the concentration of 
011“ ions for electrical neutrality. Therefore, the hydrogen-ion con¬ 
centration of pure water is = 10“^, and the pll of pure water 

is 7.0. All acid substances will have a higher concentration of hydrogen 
ions, giving a pH below^ 7.0; and all alkaline substances will have a highcT 
concentration of OH” or other negative ions, equivalent to a lower 
concentration of hydrogen ions, resulting in a pH greater than 7.0. 

472. Illustrations of pH Computations. In determining the pH of a 
one-tenth molal solution of acetic acid it has been shown that the dissocia¬ 
tion constant is 0.0(X)0l7l and that it is 98.7 per cent undissociat(»d. 
There are, therefore, O.l X 0.987 undissociatc^d molecules in the solution. 
Hence, in a one-tenth molal solution of acetic acid 


H+ ions X (' 211302 “ ions 
~ 1). I X 0.987 


0.0000171 


The concentration of IT ions is, therefore, 

\/0.0(K)0171 X 0T0987 = 0.0013 


The pH of the solution is, therefore, 2.89. 

In determining the pH of a molal solution of ammonium hydroxide, a 
weak base that is practically undissociated, it has bc'cn found that the' 
dissociation constant is 0.000018. Hence, 


NH 4 + ions X OH” ions 
NH 4 ()H molecules 

NH 4 + X OH” 

1.0 


= a constant 
= 0.000018 


and the concentration of OH” ions is a/ 0.000018 = 0.0042. The 
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equivalent concentration of ions, from expression ( 1 ), is 
Concentration == ~ ^ 10^^^ 

The pH of the molal solution of ammonium hydroxide is, therefore, 10.6. 

Another conception of hydrogen-ion concjentration depends on the 
definition f)f the normality of a solution. A solution can be said to be 
normal with respect to hydrogen ions when it contains 1 g. of ionized 
hydrogen per liter. Since pH is the logarithm of tlu^ reciprocal of the 
hydrogen-ion concentration, it is also the logarithm of the reciprocal of 
the hydrogen-ion normality. Thus, in a solution in which the hydrogen- 
ion normality is 0 . 01 , the pll is the logarithm of 1 / 0 . 01 , or 2 . 0 . 

Example: A 0,1 A sohition of hydrochloric acid contains 3.05 g. HCl, of which only 
0.1 g. n‘prcs('nts iornzablc hydrogen. Since TICM of 0.1 A’ strength is 84 per cent 
ionized (at the normality of the solution with respect to ionizable hydrogen is 

0.84 X 0.1 A, or A'/H.OO. Th(‘ pTf of the solution is, therefore, the logarithm of 
11.90. or 1.08. A 0.1 A solution of acetic acid contains the same amount of ionizable 
hydrogen as do<‘H a O.bV hydrochloric acid solution, but it is only 1.3 per cent ionized. 
The normality, with r(‘sp(‘ct to ionizable hydrogen, is, therefore', 0.013A/10, or A/76y. 
The pH is, therefore', the logarithm of 709, or 2.89. 

In an alkalint' solution the pH is 1 1 minus the logarithm of the recipro¬ 
cal of the hydroxyl-ion conc(*ntration. Thus, in a solution in which the 
hydroxyl-ion concentration is 0.01 the pH is 14 ~ log ( 1 / 0 . 01 ), or 12. 

Example: A 0.1.V solution of sodium hydro\id*e at 2r)°(\ is 92.9 per cent dissociatenl, 
and it contains but 0.1 g. of ionizable OH ions. The normality with respect to OH 
ions is, tlu'rc'fon', 0.929 X 0.1, or A/10.7(). The ‘‘pOH” is, th(*refore, the logarithm 
of 10.70, or 1.03; and the pH is 14 ~ 1.03, or 12.97. 

Similarly, the' ap])are*nt de'gre'e of disseH'iation of a 0.1.V solution of ammonium 
hyelroxiele' at 25'’(\ is 1.33 i)er ce*nt. The normality with re'spe'ct to OH iems is, there'- 
fore, 0.0133 X 0.1, or AV752. The logarithm eif 752 is 2.88. The pH is, there'fore', 
14 - 2.88 or 11.12. 

473. Relation of pH and Acidity. There is no correlation between the 
expression for the pH of a substance and the expression of its acielity or 
its alkalinity. The acidity of a solution is the number of parts per 
million, by weight, of H 2 CO 3 or etiuivalent acid present or as sulphate 
acidity (SO4). Alkalinity is reported in terms of the weight in parts per 
million of COs present in combination with C’a, JMg, K, Na, etc.; and the 
caustic alkalinity represents the sum total, by weight, of the hydroxides 
of the same elements. The terms acidity and alkalinity are significant, 
therefore, in indicating the weight of certain chemical radicals in the 
solution, these substances having some bearing on industrial, commercial, 
or physiological properties of the water. Neither indicates the chemical 
activities of the solution. On the other hand the pH, or hydrogen-ion 
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concentration of a solution is a direct measure of its chemical activities 
and may also have some bearing on its sanitary and industrial qualities. 

Lack of correlation between acidity and pll is indicated by a com¬ 
parison of these two terms in a O.LV solution of HC"! and of H 2 SO 4 . 
The acidity of the HCd is twice that of the 112804 , but the pll of the 
former is 1.08, and the latter 1 . 2 . In this case the substance with the 
greater acidity has the lower pH. The acidity of a O.IA^ acetic acid 
solution is 2,050 p.p.m., and its pH is 2.89. 

474. Practical Applications of pH. The pH of natural waters is 
largely dependent upon the (^Oo equilibriums and lies between 7.0 and 
8.0 to 8.5. In general, a lower pH indicates too great an acidity for us<' as 
a beverage; imt because of the solution of carbon dioxide, the pH of dis¬ 
tilled \\at('r may be G.5 or lower. The significance of pH is, therefore, of 
dou!)tlul value in a sanitary water analysis. 

The reduction of the amount of alum recpiired for coagulation has 
proved the most valuable return from application of knowledge of pH 
concentration in water {uirificaticm. Some additional advantages of such 
knowledge, enumernted by II. P. Eddy,^ are ( 1 ) the prevention of the 
passage of alum through fdters and the prevention of its afterpre(‘ipitation 
in distribution mains; ( 2 ) jwevention of corrosive action; (3) control of 
small plant and animal life through ability to control the optimum living 
conditions, a factor ot doubtful value; (I) possible reduction in size of 
coagulating basins due to better flocculation; and (5) possible increase in 
the efficien(*y of bacterial removal. Experiments at Haltimore showed 
that through the control of pH by th(‘ addition of sulphuric acid to the 
raw^ water a saving of $1,500 Avas made in tlie treatment of 2,200,(KX>,0(K) 
gal. of water with alum. 

476. Bacteriological Analysis. Interpretations of bacterial analyses 
are often based upon three commonly used determinations: the 20 ° 
(centigrade) count on gelatin, the 37° count on agar, and the K. coli index. 
The bacteria that develop on gelatin at 20°C\ may include both harmful 
and liarmless organisms. This count must be considered togeth(*r with 
observations of the sanitary survey, in indicating pollution. In general, 
the gelatin count should not exceed 100 per cubic centimeter, except in 
some special cases, as in turbid rivers, wdiere it may run as high as 200 per 
cu!)ic centimeter, provided other conditions are also satisfactory, llie 
bacteria that develop on agar at 37°C\ are those which are accustomed to 
the temperature of the human body. In general th(*ir number should not 
be permitted to exceed 100 per cubic centimeter in a potable water, and 
it is desirable that it shall be less than 10 . 

^ Eddy, H. P., “The Significance of Hydrogen Ion Concentration in Water Puri¬ 
fication,” Jour. New Engl. Water Works Assoc.^ Vol. 35, p. 385, 1921. 
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476. The E. Coli Index. The E. coli index^ for a single sample is the 
reciprocal of the smallest quantity of the sample, expressed in cubic 
centimeters, which would give a positive E, coli test. For example, if 
three dilutions of a sample, 1:1, 1:10, and 1:100, are analyzed and a 
positive result is found in both of the higher dilutions, the smallest 
quantity of the sample that will give a positive result is one one-hundredth 
of a cubic centimeter. By definition the E. coli index is, therefore, 100. 
When an apparently anomalous but, nevertheless, rationally probable 
case occurs wherein a negative result is obtained in a dilution between two 
positive results, the j)ositive observation at the higher dilution is inter¬ 
changed in the record with its next lowest negative result and the index is 
based on the changed data. The index is more accurate when computed 
from a series of tests. Under such conditions the procedure in comput¬ 
ing it is as follows: 

1. Record the ratio of j)osi<ive to total tests, arranged in the order of magnitude of 
the quantiti(‘8 examin(‘d. 

2. Record the differences l)etw(H*n successive ratios. 

3. Find the product of (vich difference and tlie reciprocal of the largcT (piantity 
used in computing the ratio from which the difference was taken. 

4. The E. coli ind(*x is the sum of these products. 

Example: Daily E. coli det(*rininations w'ere made for a month at a particular filter 
plant, with the following results: 


(1) 

(2) 

(S) 

(4) 

(5) 

(5) 





T )iff(*rences 


Quantities 
test<‘d, cc. 

Number 
test s 

Number 

})ositiv<* 

Ratio 
(3): (2) 

bet w ee'll 
lines in col. 

IVoduct 





(4) 


1.0 

30 

20 

0.67 1 



0.1 

30 

^ ; 

0.167 

0 503 

0.503 

0.01 

30 

4 1 

0.133 

1 0.034 

0.34 

0.001 

20 

1 

0.05 

j 0.0S3 

1 8.3 

E. coli index.. 





1 9.13 


Th(' reciprocal method of determining the E. coli index is not alto¬ 
gether satisfactory because of anomalies that may arise in its use. In the 
recipro(*.al method, observations in column 3 must fall on the probability 
curve to give consistent values in column 6. For example, if in line 4, 
column 3, the figure were 2, the value in column 6 would be 3.3. Obvi- 

^ Designated as the “indicated number’^ in “Standard Methods for the Exam¬ 
ination of Water and Si»w^age,^' p. 205, 9th. ed., 1946, American Public Health 
.\ssociation. 
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ously, for a greater number of positive tests vve should have a higher index. 
The error results from assuming a value of 2, which falls olf the probability 
curve in column 3. The **most probable number” method has been 
standardized.^’^ 

477. The Most Probable Number (M.P.N.) of E. ColL Because of 
the anomalies that may develop in determining the E. coli index, some 
analysis consider that the ‘‘most probable number” of E. coli is of 
greater precision and value.^ The general form of the pi'obability curve 
is, in this case, 

y = 1[(1 - • • • ] 

where .Vi, .V 2 ,'-Va, — sizes, in cubic centimeter, of portions examined 

p, r, /, = numbers of portions of respective sizes giving 

positive tests for E. coli 

q, s, u, — numbers of portions of corresponding sizi's> giving 

negative tests for E, coli 

X = concentration of E. coli per cubic eentiinf'ter 
y = probability of occurrence' of the j)articular results if 
the concentration from which the lesiilt was drawn 
was X 

c — base of Napierian logarithms (2.72) 
a = n constant for any particular set of obs(*r vat ions the 
determination of the value of which may, therefore, 
be omitted in routine computations of X 
For example, in a series of observations the results of the E. coli 
determinations gave 

10 cc. 10 cc. 10 cc. 10 cc. 10 cc. 1 cc. 0.1 cc. 

+ + + -- + - 

In this case, then, 

= 10, N, = 1, Ns = O.l, p = 3, r = 1, 

/ = 0, (/ = 2, s = 0, u = 1 

Substituting and transposing, 

ay = (1 — ix^ 

‘ “Standard Methods for The Examination of Water and Sewage,'^ 8th €»d., 
pp. 218 and 223, American PuV)lic Health A8.sociation, 1936. 

*See also Pomeroy, H., Jour. A.W.W.A.^ March, 1940, p. 478. 

® See also Hoskins, J. K., “The Most Probable Numbers of B. Coli in Water 
Analysis,” 9th Ann. Rept. State Sanitary Eng., p. 61, 1928. 
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The most probable number of E, coli for the series is determined by 
finding the value of X that will make y a maximum. In the particular 
illustration given above, this occurs when X = 0.12. Hence, in this case, 
the most probable number of B. coli is 12 per 100 cc. 

478, Microscopical Analysis. The microscopical examination of 
water may serve any one or more of the following purposes:* (1) to explain 
the cause of color and turbidity and the presen(*e of objectionable odors 
and tastes in water and to indicate methods for their removal, (2) to aid in 
the interpretation of chemical analyses, (3) to identify the source of a 
water that is mixing with another, (4) to explain the clogging of pipes and 
filters and to aid in the design and operation of waterworks, (5) to indicate 
pollution by sewage or industrial wastes, ((>) to indicate the progress of 
the s(4f-purification of streams and other bodies of water, (7) to aid in 
explaining thc‘ mechanism of biological s('wage-treatment methods, and 
(8) to aid in the study of the food of fish, shellfish, and other aquatic 
organisms. 

Since both the horizontal and the vertical distribution of microor¬ 
ganisms is unev(*n in most bodies of water, whether lakes or running 
streams, the s(‘l(‘ction of sampling points must be made with care to 
ascertain the most desirable points for the procurement of representative 
samples. Factors to be considered include the location of tributary 
cultivated land, whether shallow^ or deep w^ater is near by, adjacent 
swamp areas, th(‘ proximity of tributaries, etc. The application to the 
entire body of w^ater of the findings in a sam])le taken from a shallow area 
of a d(*ep r(‘servoir wa)uld obviously be incorrect and misleading. Tt is 
advisable that th(* microscopical examination be made quickly after the 
taking of the sample* because of the relatively rapid changes in the 
character of the more fragile* anel de*licate of the living oi’ganisms. 

In the contred, by microscopie*al examinatiem, e)f the quality e)f water in 
a rescrve)ir or other se)urce of w^ate'r supply, sample's should be taken, at 
least wx'ckly, at de'sirably loe*ated sampling pednts.- Inilieations of 
appre)aching change's in biologie*al life may be e)bscrved by the trend of 
lines plott(*el to show the numbers e>f variems specie's at each sampling 
point anel perie)el. In this way steps may be taken in time to safeguarel 
the epiality e)f the' water. Ile'peu'ts of micre)scopical analyses shemld 
include state*me*nts of the* kind of e)rganisms present, their approximate 
concentration, and the standard units present. 

^ “Standard Methods for the Analysis of Water and Sew age*,” p 176, 8th ed., 1936, 
and 9th ed. 1946, American Public Health Association. 

* See also Pi kdy, W. C., “Methods for the Biological K\ammation of Water,” 
Proc. 9th Ann. WaUr Works Schoolj Vniv. Kaiisas, 1931, pp. 21 and 31. 
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479. Mineral Analysis. ^Mineral analyst's are made to determine the 
industrial and commercial qualities and possibilities of water. They are 
more expensive to make than sanitary analyses, and they are not con¬ 
sidered of value in interpreting the sanitary quality of the water. 

In the performance of a mineral analysis it is customary to make only 
the determinations shown in the first column of Table 81. The sub¬ 
stances that these ions are supposed to form are assumed bj^ combining 
them in accordance with some rule of hypothetical combination.^ Stand¬ 
ard Methods* specifies that hypothetical combinations may be reported 
by combining the millieiiuivalents of basic and acid radicals according to 
the following scheme of uniformity: 

1. Silica, as found, except in alkaline waters containing silicates. 

2. Iron and alumimiin oxides, as found, except in sp(‘(‘ial cases of acidity. 

3. Combinations of the p<3sitive ratlicals should be made with the negative radicals 
in the following order: 


Positive* RadicaLs 
("alciuni 
Magnesium 
Sodium 
Potassium 


Xegative* Radicals 
C'arbonute 
Hydroxide 
Sulpliatc 
Nitrate 
C^hloride 


Hypothetical comidnations for a typical ground water, computed by 
the above method, are shown in column 4 of Table* SI. 

A study of these combinations may ]*eveal data useful in n*aching a 
conclusion as to the value of the Avater. 

480. Industrial Water Analysis. Methods for r(‘p()rting the analyses 
of waters for industrial uses differ from procedures used in reporting either 
sanitary analyses or mineral analyses. Among the majejr dilTerences 
noted in the tentative standard methods of tlie Am(*rican Society for 
Testing Nlaterials^ may be included constituents reported and units used. 
Constituents reported include, for example: total CO 2 , metallic oxides, 
silica, the important metallic cations such as Ca^"^, Mg"^"^, Na"^, K+, Fe'^+, 
Fe^*"^, Al‘^+, Mn-^, Mn*^+ and nonmetallic anions such as CO3 , 
UCOr, Oil- POr—, HPOr-, IlzPOr, SOr^, IlSOr, Cl-. Units 

used in reporting concentrations are entitled ‘‘equivalents per million,” or 
e.p.m. An equivalent per million is a gram equivalent weight per million 

1 See also Langklier, W. I\, and II. F. Ludwig, “Oraphical Methoils for Indicat¬ 
ing the Mineral Character of Natural Waters,” Jour. A.W.W.A.^ March, 1942, p. 335. 

* Standard Methods for the Examination of Water and Sewage,” p. 54, 8th. ed., 
1936, and p. 7, 9th ed., 1946, American Public Health Association. 

3 See '‘Tentative Method of Reporting Results of Analysis of Industrial Waters,” 
A.S.T.M. Standards Supp.j Pari III, p. 541, 1940. 
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grams of the solution. It can be converted to parts per million by 
multiplying it by the equivalent weight of the ion. For example, 2.2 
e.p.m. of H(X) 3 ~, whose equivalent weight is 01, equals 134 p.p.m. 
The use of ecjuivalents per million is advantageous in stoichiometrical 
computations. 


Tawlk 8 I.--M 1 NKRAL Analysis ok a Sample of (iRorNo Water Showing 

J I YPOTIlETIf'AL ( V)VIBINATH)NS 


I)et(‘riniii{ition made 

P.p.m. 

Hype)the'ti(*al combination 

P.p.in. 

j 

Tprin Kf‘ . 

2.J 

Silie*a. 

80 

IVIn.n|rM.nf*S(‘, Mii . 

Iron oxielc, Fe '203 . 

3.9 

Silic/i, SiOj . 

80 

Aluminum e)xidp, AI 2 O 3 . 

27.0 

Alumina, Alj().t. 

27 

Calcium e*arbonatc, C'aCOs. . . . 

72.0 

(’alciutn, (’a. 

1,220 

Calcium hyelre)xielc, Ca(OH) 2 . . 


Magiu'isium, .M^i;. 

530 

(^alcium sulphate, CaS 04 . 

45.8 

Ammonia, NII 4 . 

13.8 

(^ilcium nitrite*, CaNO^. 

2.4 

Sodium, Na. 

5,297.2 

Calcium nitrate, (^iNOn. 

1.3 

l*otassium, K. 

027.3 

(^ilcium chloride, (JaC^s. 

3,200 

2,080 

Sulphntf', S ()4 . 

32.3 

Magnesium chloride, MgCb. . . 

Nitrate*, NOj. 

0.8 

Soelium chle>riele, NaC^l. 

13,480 

1,198 

Nitrite*, NOj. 

1.3 

Potassium e‘hloride*, K(3. 

Chloride*, Cl. 

12,250 

Ammonium ehlemide, NH 4 CI.. . 

41.1 

Alkaliiiilv, M.O. 

Non ve)la tile . 

I{e*Hidue* . 

' 72 

' 28.2 

32,100 




481. Colloids. Colloids may aftect the quality of raw water, action in 
coagulation, and the i)?*o(*(*ss of filtration. Knowledge of their character¬ 
istics is of imporlance in the procurement and purification of public water 
supplies. 

Finely divid(»d matter may exist as a true solution, as a colloidal 
suspension, or as a true suspension. A true solution is composed of 
partich's of the size' of molecules, and it is supposed that the molecules of 
tlu' dissoh'ed substance and the solvent are intimately mixed, the smaller 
molecules of the substance being interspersed between the larger mole¬ 
cules of the solvent. The particles in a solution grade in size to become 
particles in a “colloidal solution,^^ or sol, and thence to sizes in a suspen¬ 
sion. Th(‘ smaller particle's in a sol, which can pass from one point to 
another between the large'r particles, are called the continuous, or closed, 
phase' or, freeiuently, the dispe'rsion me<lium, and the larger particles 
constitute the disperse phase. For example, smoke represents a colloidal 
state, or seil, in which the atmosphere is the dispersion medium and the 
fine particle's of carbon in the smoke are the disperse phase. Activated 
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carbon may be considered as an example of a sol in which the dispersion 
medium is the gas and the disperse phase is the carbon. 

Colloidal particles are assumed to have dimensions that do not exceed 

or micron, and that may approach the size of a molecule, f.c., 0.1 to 
0.5 millimicron. The existence of such particles can be detected by the 
Tyndall phenomenon and the Brownian movement. The pn'sence of 
colloidal particles can be detected by the Tyndall cone and by the fact 
that they affect very slightly, if at all, the boiling and freezing points of 
the dispersion medium. Colloids diffuse slowly, do not pass through 
parchment paper, and do not settle. 

\ better understanding of the reason for the special reactions of 
colloids may be gained through a coiua^ption of the specific surface of a 
colloid, I.C., the ratio of its surface to its volume. If a cubic centimetei 
could be divided into the smallest colloidal particles, each a cube with an 
edge of 0.1 millimicron, the total surface area would be ()(M),()0(),(K)0 
sq. cm., or 15 acres, p(‘r cubic centimeter of material. Will, such an 
enormous surface in contact with the continuous phase it is to ])e expected 
that characteristic reactions will take place in sols (^suspensoids). 

A susptuisoid, or sol, in which winter is th(‘ dispersion medium and 
particles of clay, silica, or precipitated chemicals an' tlie disperse ])has(' is 
the most common form of colloid encountc'red in water jairification. 
Suspensoids may l)e precipitated by the addition of an electrolyte, by 
changing the concentration of the disperse j)has(‘, or by nu'ans of elec¬ 
tricity. The eU'ctrical charges on the colloids an' ap|)arently neutralized 
])y those of the electrolyte, peimitting the colloidal particles to come 
together. The colloidal particl(*s in a suspensoid are sometiiiK's ])rotec1cd 
against the a(*tion of precipitating agents by llu' presence of an external 
agent. Such particles are called ])rot(‘cted colloids. For example, 
gelatin added to a silica sol will mak(' the j)r(‘cipitatiun of the sol more 
difficult than if the gc'latin were not present. 

An emulsoid differs somewhat from a suspensoid in that, the disp('rs(' 
phase combines, to some ('xtent, with the continuous phase, rendering the 
breaking of the emulsion and the precipitation of the disp('rs(* phase 
difficult. Soap, gelatin, some oils, and many sludges found in watei* and 
sewage treatment mix wdth water to form emulsoids. Kmulsoids of 
amphoteric sul)stances, such as gelatin and other proteins, may be pre¬ 
cipitated by the adjustment of the pH or the addition of certain soluble 
salts. Emulsoids may be broken by agitation, by altering the viscosity, 
or by changing the surface tension of the emulsifying or stabilizing agent. 
A change of temperature may change the viscosity, or various chemicals 
or electricity may be used to change the viscosity or the surface tension or 
both. 
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PLAIN SEDIMENTATION 

482. Process. The process of treating water by plain sedimentation 
requires the retention of the water in a basin so that the suspended 
particles may settle as a result of the action of gravity and other forces. 
Plain sedim(;ntation is suitable as a purification process only for relatively 
pure waters containing undesirable amounts of suspen(ied solids. There 
is no upper limit to the amount of settleable solids that may be present in 
water to be treated by plain sedimentation, as experience has shown that 
water containing a high concentration of suspended matter is more 
easily clarified by sedimentation than a water containing a low concentra¬ 
tion of suspende'd matter, particularly if the particles are finely divided 
without lieing colloidal. Plain sedimentation may be useful as a process 
preliminary to further treatment in order to lighten the load on sub¬ 
sequent processes. Better operation of subsecpient purification processes 
is secured through the less variable (juality of the water delivered to them; 
there is a lowered cost in the cleaning of the chemical coagulating basins; 
no chemical is lost with the sludge diseliarged from the plain settling 
basin; and few(T chemicals are used in subsequent treatment. All sur¬ 
face waters are not sufficiently turbid to justify presedimentation. 

Sedimentation basins are nov' operated almost exclusively on the 
contimious-flow principle, in which water flows through the basin con¬ 
tinuously, entering and leaving at the same rate. The fill-and-draw 
method of operation is obsolete. Sludge may be removed from the basins 
by emptying the basin and flushing or scraping the sludge from it, or it 
may be removed intermittently or continuously by mechanical devices 
without interrupting the operation of the basin. The use of continuous 
mechanical cleaning is becoming more common, as the extra cost of the 
mechanisms can be saved through the reduction of the size of the basins 
required to give the same or better results. 

Some results of plain sedimentation are shown in Table 82. 

It is evident from these that treatment by plain sedimentation alone 
cannot serve to produce a water safe as a public supply. 

483. Sedimentation-basin Design. Among the forces and condi¬ 
tions affecting the sedimentation of matter suspended in water are the 
following: 
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The force of gravity. 

The size and specific gravity of the 
settling particles. 

Coagulation or coalescence of the set¬ 
tling particles. 

The depth and shape of the basin. 

The viscosity (temperature) of the 
water. 


Tlie presence of convection and other 
currents. 

Tlie method of operation of the 
basin. 

Electrical phenomena. 

Biological activities. 


Table 82.— Beoi’ction ok Turbidity and Bacteria in Various Stages of Water 

Treatment 



Toledo,* 

Youngs- 

Niagara 




Ohio, 

August, 

town,* 
Ohio, Oc- 

Falla.* 

' N.Y.. Oe- 

Cinein- 

nuti,' 

Ohio 

l.ouis- 

ville,* 

Ky. 


1923, to 

tober, 1923, j 

tober, 1923, 


July. 

to Sept cm- 

to Septem- 


1924 

ber, 1924 

1 

ber, 1924 

i 


i 

1 

Turbidity: 







IKf) 

1 

.50 

21 



Per cent removed by plain sedimen- 






' 82 7 




Per cent removed by coagulation.. 
IJactena, 48 hr. at 20* 

87.0 

, 92. r> 

42.2 



Raw water, 1,000 per cubic ceuti- 1 






meter. 

14.1 

8.09 

9 Jfl 



Per cent removed by: 



Plain sedimentation . 

Coagulation. 

80.0 

0.32* 

.50.1 



Filtration. 

1 94.2 

0 . 022 * 

85.0 



Chlorination.. ... 

96.9 

0.05C* 

99.80 



B. coli index: 



Raw water. 

1,0,50 

5,4.50 

8,290 

0.085 

30.9 

Per cent removed by; 

Plain Hedinientation. . 




47.2 

92.9 

Coagulation. 

' 81.9 

0.005* 

04.9 

87.0 

94.8 

Filtration. 

1 98.8 i 

0 007* 

0 98* 

98.,5 

0 097* 

Chlorination. 

1 0.27* 

1 

0 OOP 

0.ni.5‘ 

1 

0 3.55* 

1 

0.0193* 


* “Studies of the Effect of Wuter Purification Processes,” Puh. Health Service, Bull. 172, 1027 

* Percentage removal .shown is the pci cent age of the amount in the raw water. 

* 100 minu.s the pei cent age lenioval. 


Other forces and conditions prohaldy exist lait are neither definitely 
nor easily recognizalile. d'he difficulties of making allowances for all of 
these forces and conditions is apparent, with the result that the design of 
plain sedimentation basins is usually based on experience with other 
waters of a similar character or upon tests made upon the particular 
water to be treated. A committee of the American Society of Civil 
Engineers states d 

^ Water Treatment Plant l)e.sign,” Manval of PraHiev 19, 1941, p. 43. American 
Society C.ivil Engineers. 
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. . . flespito the various influencing factoi*s . . . best results will be obtained 
with a straight flow through the basin, where the [coagulated] water is introduced 
at one end through a diffuser wall, passed through enough training walls along 
its line of travel to ^4ron out” discrepancies in velocity of flow, and taken out 
at the other end over a submerged weir or enough large openings so as not to 
influence the uniform velocity through the basin. If a uniform velocity can be 
maintained throughout the length of basin, conditions for subsidence become 
ideal, and the ideal is approached in long, narrow' basins such as tunnels, large 
pipe lines, and canals. 

Important conditions to be considered in the design of a rectangular 
sedimentation basin, either w'ilh or without interruption of operation for 
the removal of sludge, include (1) the period of retention, (2) the number 
and capacity of basins, (3) the velocity of flow, (4) the depth of the basin, 
(5) the relation of the length to the width of the basin, (6) the inlet and 
outlet devices, (7) the cover or roof, (8) the provisions for cleaning, and 
(9) the sludge storage capacity. Many of these conditions depend on 
others, on the qualit}'' of the Avater to be treated, and on the desired 
results. 

Materials used in the construction of settling basins, filters, and other 
containers are the same as those used for reservoirs, as described in 
C4iap. XXL 

484. Theory and Practice. It takes time for a settling particle to 
reach the bottom of a sedimentation basin. This time is provided by 
retarding the velocity of flow and making jhe length of flow", or the period 
of retention, and the depth such that the settling particle will reach the 
bottom before reaching the outlet. It would seem that the shorter the 
period of retention, the shorter the recpiired length of basin and the less 
the recpiired depth. 4410 absurd conclusion is reached that a basin with¬ 
out length or depth is desirable. Hence, experience in the design of 
basins must be depended on in design. Attempts have been made to 
formulate mathematical expressions that would be applicable to the 
determination of the dimensions of sedimentation basins. Notable 
among these attempts are those of Hazen,^ Slade,^ C^amp,^ and Carpenter 
and Speiden.* In view" of the large number of conditions involved and 
the unknown ‘‘constants” involved, it continues to be customary to base 
the design of sedimentation basins on experience. 

^ Hazkn, Allen, ‘*()n Scdiiriciitation,” Trans. A.S.C.E.J Vol. 73, p. 43, 1904. 

* Slade, J. J., Jr., “Sedimentation in Quiescent and Turbulent Basins,’’ Trans. 
A.S.C.E., Vol. 102, p. 289, 1937. 

® Camp, T. R., “A Study of the Rational Design of Settling Tanks,” Sewage Works 
Jour.^ September, 1936, p. 742. 

^Carpenter, L. V., and H. W. Speiden, “Notes on Sedimentation,” Sewage 
Works Jour,, March, 1935, p. 200. 



PLAIN SEDIMENTATION 


431 


485. Deptii. Depths of horizontal-flow sedimentation basins of all 
types range normally between 10 and 18 ft., with 10 to 15 ft. being most 
common. These depths include allowance for sludge storage, if provided. 
Greater depths, up to 20 to 25 ft., are found in vertical-flow basins. 

486. Period of Detention. The term ^‘period of detention as used in 
practice, is equal to the volume of the basin divided by the volumetric 
rate of flow through the basin. It is equal to the time recpiired to fill the 
basin at the given rate of flow. This period is greater than the '‘flowing- 



Hours-Detention 

iMti. 221.— Results of sedimentation studies in turbid river waters. {From Jour. 

A.W.W.A., Vol 19, jK 281, 1928.) 

through period/' which is the average time reciuirtHl for a small volume of 
liquid to pass through the basin at the given rate of flow. The efficiency 
of displacement is the ratio of the flowing-through period to the period of 
detention, multiplied by 100. Efficiencies of basins now in use vary 
roughly between 5 and 50 per cent. Periods of detention found in exist¬ 
ing basins vary from a portion of an hour to many days, but, since the 
greater removal occurs during the first few hours, basins are usually 
designed for a period to be counted in hours rather than in days. If tlu^ 
basin is to be well designed, a test should he made to determine the proper 
period of detention. Results of such studies on some turbid river waters 
are showm in Fig. 221. The shortest detention periods used, between lYi 
and 3 hr., are to be found in mechanically cleaned basins. 
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487. Capacity and Number of Basins. The volume of flow through 
the plant per unit of time multiplied by the assumed period of retention, 
in the same units of time, will give the net capacities of all the basins to be 
provided in a plant. In large plants an excess capacity may be provided 
to allow for unexpected situations, but in small plants allowance of extra 
capacity is not always necessary, as shutdowns of the basins can be timed 
for conditions when the quality of the raw water is such as to permit a 
shorter period of sedimentation. 

It is desirable to design a plant to permit the use of different periods of 
retention in operation to conform to variations in the quality of the raw 
water. This can be done by providing a number of units whose combined 
capacities are equal to the total required capacity for the plant. Where 
two or more basins arc provided, it may be desirable to make them of 
different capacities so that a greater number of different periods of 
retention may be secured. For example, if a plant treating 8,000,000 gal. 
per day is provided with two basins, one with a capacity of 1,000,000 gal. 
and the other of 2,000,000 gal., the possible periods of retention are 3, 6, 
and 9 hr. Flexibility in operation can be oV)tained by connecting the 
basins in such a manner that any basin can be operated alone or in any 
combination with the other basins, either in parallel or in series. The 
number of units to be built is limited by the cost and the desired per¬ 
missible fluctuations in retention period. Under conditions in w^hich 
treatment cannot be interrupted there should never be less than two units, 
preferably three, to permit the shutdown of one basin. 

488. Circular Settling Basins. Circular sedimentation basins ar e le^ 
commonl y used th an rect angula r baj^ins in water purification because of 
economical considerations. ITow^eyer, in small plants, and where steel 
canTKMised economically, circular tank^ may be used, as their hydraulic 
characteristics, w^hen properly designed, may be made satisfactory.^ In 
general, these tanks are designed to admit the influent at the center of the 
tank and to w'ithdraw^ the effluent into a peripheral trough at the surface. 
Some essential considerations to successful design include (1) the creation 
of a uniform velocity in the vertical riser feeding the tanks; (2) a satis¬ 
factory diffuser to distribute the water evenly without undue loss of head; 
(3) the absence of turbulent velocities w ithin the tank; (4) the provision of 
a zone of velocity less than 10 f.p.m. and preferably below^ 1 f.p.m. at the 
tank bottom adjacent to the sludge blanket; and (4) protection from wind 
disturbance. 

489. Velocity of Flow. The nominal velocity of flow^ in a plain 
sedimentation basin is equal to the volumetric rate of flow divided by the 

' See also Hurbell, G. E., ‘Tlydraulic Characteristics of Various Circular Settling 
Tanks,” Jour, A.W.W.A., Vol 30, p 335, 1938. 
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vertical cross-sectional area of the basin. In general, the slower the 
velocity, the more efficient the removal of settling solids, other things 
being equal. Xo sedimentation basin should provide a velocity greater 
than 1 f.p.m., and many basins are in existence with velocities of 
ifoo f p.m. 

490. Surface Area. Practice has shown that the ratio of surface area 
to volume of tank is a factor to be considered. It is recommended that 
the load per square foot of surface area of settling basin shall be between 
3(X) and 4,000 gal. per day for granular solids, 8(X) to 2,000 gal. per daj’' for 
amorphous slow-settling solids, and 1,000 to 1,200 gal. per day for 
flocculent material. Too great a surface area in relation to tank volume is 
conducive to the creation of currents by the wind. 

491. Relation of Length to Width. A long, narrow basin is preferable, 
from the v’ww point of sedimentation efficiency, to one so wide that (toss 
currents may develop. A square is the best shape for a single rectangular 
basin to give the least cost of construction. If a large nuint)er of rec¬ 
tangular basins are to ])e })uilt with a common wall betw'een each pair of 
basins, a length somew hat greater than the width is desirable f(jr economy. 
If the unit costs of the various parts of the basins are known, the dimen¬ 
sions for economy can be determined by the calculus. In practice 
it has been found desirable to limit the minimum ratio of hmgth to width 
of flowing-through channed to 4:1, with a maximum chanmd width of 
about 40 ft. 

Where conditions of economy or convenience recjuire a ratio of length 
to w’idth of basin smaller than 4:1, a larger ratio of length to width of 
flowing-through channei can be obtained by the ))rovision of rcjund-th('- 
end baffles, as illustrat(‘d in Fig. 222. In order to minimize eddy curnuits, 
the distance between the end of the baflle and the end wall of tlie basin 
should be equal or exc(^ed the width of the flowing-through channel. 

492. Bailies. Baffles arc sometimes used to improve the distribution 
of velocities and to avoid dead spaces. Their efTect should be under¬ 
stood before they are installed. Guesswork installations may make 
conditions w^orse. Improvement may be eApecteeP where the design is 
based on knowledge derived from test or experience. 

493. Inlet and Outlet Devices. The inlet and outlet devices in 
basins with horizontal flow' should be arranged to distribute and collect 
incoming and outgoing water as uniformly as possible across the vertical 
cross section of the flowing-through channel. 

Such devices include a sharp-crested weir, an overflow^ trough similar 
to the w'eir, a manifold with two or more openings into the flowing- 

^Scc also Hopkins, E. 8., ‘‘Baffled Basins Improve Sedimentation,^^ Erig. News- 
Recordy Apr. 3, 1947, p. 80. 
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through channel, and a perforated baffle at the end of the flowing-through 
channel.^ The choice will depend on the cost and the results desired. 
The perforated baffle is probably the most effective and the most expen¬ 
sive. Velocities through the diffuser-wall slots or perforations of 0.4 to 
0.8 f.p.s., which require a head of 0.01 to 0.02 ft., have proved satisfactory 
in producing uniform flow. The sharp)-crested weir is less expensive, and 
it can be so constructed as to permit the adjustment of its crest elevation. 



Fig. 222. —Waterworks settling basin at Ironwood, Mirh. {From Eng. News, Vol. 70, 

p . 1193.) 

In general, it is less effective to attempt to control the currents in a 
sedimentation basin by means of the outlet devices than by the inlet 
devices. The perforated baffle wall is, therefore, seldom used as an outlet 
device except in basins designed to permit reversal of flow. 

Where the water entering the basin is colder than that already in the 
basin, a current is created along the bottom which may reduce the 
efficiency of the results. The installation of low overflow baffles, which 
form pockets for the collection of the sludge, partially protecting it from 
the bottom current, may be helpful in reducing the condition. The 

^ See also Morrill, A. B., “Sedimentation liasin Besearch and Design,^' Jour. 
A.W.W.A., 1932, p. 1442. 
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reverse situation, in whit‘h a warm current enters the basin that contains 
colder water, results in the formation of a surface current across the basin. 
The results, under such circumstances, are not so undesirable, because 
sedimentation is occurring in the equivalent of a very shallow basin and 
the bottom sludge is undisturbed. Surface currents can be broken up to 
some extent by submerging the inlet or by use of hanging baffles with their 
lower edges submerged 12 to 18 in. below the surface. 

Outlets from sedimentation basins may be designed as overflow weirs 
or troughs, sometimes called launders. The lo(*ation and the length of 
these launders in relation to the flow through the basin afTect the per¬ 
formance of the basin. In primary sedimentation basins to remove 
settleable solids only, the outlet may be placed at the end of a rectangular 
basin opposite the inlet or on the peiiphery of a circular tank with the inlet 
at the center. Where flocculent material is to be removt'd, the launder 
may be placed somewhere between the inlet and the wall of tl\e ])asin, to 
avoid the effect of ‘density currents’^ that tend to carry settU J solids to 
the extreme end of seilimentation basins. 

To minimize surges in a sedimentation basin the rate of flow per foot of 
the outlet weir should not exceed 2(M),(K)0 gal. per day and should piefer- 
ably be less than one fourth of this. In some cases it may hv desirable to 
make an appreciable portion, if not the full length r»f the W(*ir, vertically 
adjustable in order to place better control of the basin in tlie hands of the 
operat or. 

494. Covers. Tt is best, ^^here possible, to leave plain sedimentation 
basins uncovered, as th(‘ conditions of operation can be better observed. 
The princi])al purposes of covers may be to avoid difficulties from wind 
and ice, to prevent contamination of the water, to avoid the growth of 
organisms, and to improve the appearance of the plant. Where covers 
are used, care must be taken to provide access to the liasin, to p(*rmit the 
ingress and egress of air to compensate for fluctuations of the* volume of 
\\ater in the basin, to avoid fungus growths, and to avoid egg laying by 
flying insects. 

496. Sludge Storage. The allowance made for the storage of sludge 
depends on the period between cleanings and the amount of material 
removed by the water. Only test and experience can dictate th(‘ proper 
allowance. Since the proper depth of a sedimentation basin is indefinite, 
designers decide on a convenient depth and assume that a portion of the 
capacity of the basin will be required for sludge storage. 

The quantity of sludge to be handled may be roughly approximated 
from the expression 

24()P, 


( 1 ) 
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where Q = tons of wet sludge to be handled per million gallons of water 
treated 

S = suspended matter in raw water, p.p.m. 

p = percentage of suspended solids removed by plain sedimenta¬ 
tion 

P\ = percentage of solids in the sludge 
Where continuous mechanical removal of the sludge is provided, no sludge 
storage space is needed. 

496. Draining and Cleaning. The cleaning of the basin may be 
provided for by making the bottom a series of steep-sided hoppers or by 

sloping the bottom slightly to a gut¬ 
ter or to an outlet through the wall. 
Under such conditions the bottom of 
the basin should slope not less than 
2 to 100. The outlet should be con¬ 
trolled by a sluice gate or valve, as 
shown in Fig. 223; or the outlets may 
be placed in the bottom of the basin 
and protected by mud valves; or the 
bottom of the basin may be open to 
the drain as shown in Fig. 224. 
C/ontrol is pi’ovided by a single valve 
placed beyond the walls of the settling 
l)asin.» It is undesirable to place an 
underdrain beneath the floor or walls 
of a settling basin when there is to be 
water under pn*ssure in the drain because of the difficulty in cleaning the 
drain or making repairs. Leaks in such a drain may undermine the floor 
or the wall of the basin. 

If a drainage valve is opened w'hen the basin contains a quantity of 
water, the force of th(» current will remove some of the settled solids. 
The remaind(‘r must be removed by hand or by machine or by hydraulic 
flushing. It is desirable to provide water pipes for this purpose wInch wdll 
furnish a (luaiitity of w^ator under pressure to a flushing hose and nozzle. 

497. Continuous Sludge Removal. In some sedimentation plants 
recently constructed, principally in connection with chemical coagulation 
or softening, provision has been made for the continuous removal of 
sludge, obviating the need for allowing sludge storage space in the design 
of the basin and avoiding the necessity for periodic shutdowns to clean the 
basin. Continuous cleaning is accomplished by a series of wood or metal 
scrapers, or squeegees, w hich are dragged along or around on the bottom 
of the settling basin, sw eeping the deposited material to one end, or to the 



Kici. 223. Sluice-gate usHcinbly for 

heads of (i to t) ft. 





PLAIX SEDIMEXTATIOS 


437 


center, of the basin. The linear velocity of the s(|ueegees does not exceed 
about 15 f.p.m. The slow velocity does not create undesirable currents 
and requires but little power for operation. In one instance 2.8 hp. was 
required to drive a 200 ft. diameter cleaner. 



Fuj. 224. Detail of underdrain and orifice for .sludKc-reinoval ^>'*< 10111 , Mooreslowii, N.J. 
dofornzation pljint. {From Proc. Am. Soc. Mttn. Imp., 1910.) 

In some installations, experience has indi(‘ated that it is more eco¬ 
nomical to install sedimentation basins with continuous sludge removal 
because of the saving in sludge storage capacity, the increased etiiciency 
of the results obtained, and the avoidance of sludge decomposition. The 
continuous return, to the inlet of the sedimentation basin, of a portion 
of the deposited sludge has been found, under proper conditions, to 
increase the efficiency of the process. 






CHAPTER XXVII 


COAGULATION 

498. Sedimentation with Coagulation. It has been found that by the 
addition of certain chemicals to water an insoluble, gelatinous, flocculent 
precipitate will be formed which, in its formation and descent through the 
water, will adsorb and entrain suspended and colloidal matter, will hasten 
its sedimentation, and will remove particles more completely and rapidly 
than by plain s(‘dimentation. The addition of a coagulant may serve also 
to aid in the removal of color, odor, and taste from w^ater. The chemicals 
ordinarily used as coagulants, when properly applied, are harmless to the 
consumer of the water. 

In practice the method consists of mixing the coagulating chemicals 
with the water in sufficient strength to produce the required precipitate 
and then allowing tlie water to stand quietly in, or to flow^ slowly through, 
a sedimentation basin in wiiich the coagulant settles to the bottom. 

Th(' period of retention to be used can be determined best by test 
made under op(*rating conditions. The quality of the water, the kind of 
coagulant, and the physical conditions in the coagulating basin all affect 
the necessary period of retention. Th(* desirable period of retention at 
any plant will vary with the quality of the w^ater, the temperature, and 
other local conditions. Normal variations at different plants are found 
between 1 and 12 hr. Wider variations have been recorded. It is 
desiral)l(‘, tlu'refore, to design coagulating basins so that the period of 
retention may be varied. 

Sedimentation with coagulation is not commonly used as a complete 
method of treatment but is used rather as a preliminary step to prepare 
water for filtration. Some results of coagulation are shown in Table 82. 

499. Control of Coagulation. The proper amount of coagulation, the 
method of mixing, the method of flocculation, the period of coagulation, 
the operation of the coagulating basin, and other operating conditions can 
be determined only through experience in the laboratory and the field with 
the w^ater to be treated. The chemical control of coagulation is made 
difficult owing to the extremely dilute solutions in w’hich reactions must 
take place. Among the characteristics of the water and the conditions of 
operation that affect the control of coagulation are color, turbidity, 
temperature, alkalinity, pll, hardness, and free carbon dioxide. It is 
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desirable that exDerienee with these factora be plotted against the 
coagulant dose and treatment results, so that repetition of the con¬ 
ditions of treatment may permit the finding of equal or better results in 
operation. 

Temperature is an important factor in the control of coagulation, 
experience showing that, in general, floe forms more quickly at relatively 
low’ temperatures and that larger amounts of coagulant are reejuired in 
summer than in winter. This apparent anomaly may possibly be 
explained by the fact that coagulation is a manifestation of electro¬ 
chemical phenomena and that the seasonal adjustments of pll are 
more efTective than those of temperatui*e in alTocting it. At tempera¬ 
tures below 40®F., difli<‘ulty may be encount(‘red in securing good floe 
formation. 

Since floe formation is closely related to hydrogen-ion con(*entration, 
the control of pH is an important factor in the control of coagulation. 
The point of optimum coagulation may be as low as ])II 3.S for highly 
colored soft swamp waters, or it may be greater than 8.0 W’ith other 
waters. The optimum pll for the coagulation of most waters is at or 
slightly below’ 7.0. The optimum for various coagulants will usually be 
found to lie within the pH ranges show’n in Table 83. The control of pH 
by the addition of sulphuric acid has been successful i«i the few plants that 
have used it; the addition of alkali has been eciually successful and more 
extensive. In turbid waters that show’ rapid changes in pH it is difficult 
to determine the pH with sufficient rapidity and accuracy by the colori¬ 
metric methods. Under such conditions a recording potentiometer may 
be used w'ith improved results. 

In addition to the control of coagulation through observations of the 
various factors mentioned, it is desirable that periodic observations be 
made in the laboratory. These should d(*t(Tmine (1) the first ai)i)(‘aran(*(‘ 
of floe, (2) the appearance of the floe after 5 min. and after 30 rnin., and 
(3j the appearance of the supernatant liquor and the settleability of the 
floe at the end of the time corresponding to the retention period in the 
settling basin. A floe slightly larger than a pinhead is the most desira))le 
size. Larger particles settle slowly, owing to the large surface^ in contact 
with the w^ater, and they are fragile, tending to break into particles so 
small as to possess some colloidal characteristics. 

In some plants it has been found advantageous to apply the coagulant 
at two or more points in the treatment of the w’ater. This is known as 
double, or fractionated, coagulation. It may have the advantage of 
producing good results with less chemical than would be recpiired by 
single coagulation, but more equipment and greater attention are 
required. It has not been extensively practiced. 



Table 83.—Some Chemicals Used ix Water Treatment 


440 


WATER SUPPLY ENGINEERING 



Can be fed dry, also. 

Calcium oxide, or quick lime, expands on prolonged storage and may burst its containers. 
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500. Coagulants. A few of the many substances used in the coagu¬ 
lation of water are listed in Table 83. Among the more commonly used 
coagulants are aluminum sulphate (alum), ferrous sulphate (copperas or 
iron), sodium aluminate, and ferrous sulphate. Many chemicals and 
substances other than those listed in Table 83 have been used. Among 
these may be included calcium chloride; barium hydroxide; sodium 
sulphate; black alum, which is a combination of alum with about 2 per 
cent of activated carbon; many other chemicals; and various clays. It 
has been found that the addition of silica^ in the form of a colloidal 

Table 84.—Approximate (^omposhton of CoA(svLATiNCf Chemu'ai^ 
(IVrcontMgc hy weight) 


Coagulating chomieal 


C^hemical constituent | 

I 

1 Potash 
alum 

t 

Sulphate 
of , 
alumina 

1 1 

1 Sulphate 

1 of iron 

Am¬ 

monia 

alum 

Matter insoluble in water.. ... 


0.30 

f 0.50 


Alumina, AI 2 O 3 . 

10.77 

17 00 

1 

11.0 

Iron, Fe 2 C 3 and FoO. ... 

Potash, K 2 O. 

9.93 

0 25 

' 57.50 

1 


Sulphur trioxide, SO 3 . 

33 76 

38.70 

28.80 

26.0 

Ammonium sulphate, (NH 4 ) 2 S 04 . 




14.0 

Aluminum sulphate, Al 2 (S 04)3 . 1 

i 



37 0 

Water. ' 

45 54 > 

43.75 

13.20 

0 5 


hydrous silicon dioxide, possessing a strong negative charge, materially 
shortens the time recpiired to produce coagulation with aluminum or 
ferrous sulphate.- A more efTective form of silica, known as activated 
silica, is a result of reaction between sodium silicate and suliihuric acid. 
The silica is an aid to coagulation but it is not a coagulant. Th(‘ amount 
of silica, Si02, added should be approximately 40 per cent of tlie aluminum 
sulphate used. The use of silica is not universally approved as small 
amounts of silica in watc'r may damage boilers. The approximate 
chemical compositions of some commonly used coagulants are shown in 
Table 84. 

1 See also Hay, H. R., “Water Purification Methods Involving Sodium Silicates,” 
Jour. .l.lPjr.T., June, 1044, p. 626, with bibliography; and Hay, H. R., “Improving 
Water Plant Operation, with Activated Silica,” Water arid Sewage Workn^ December, 
1946, p. 479. 

2 See also Baylis, J. R,, “Silicates as Aids to Coagulation,” Jour. A.W.W.A.^ 
Vol. 29, p. 1355, 1937; and Baylis, J. R., “Coagulation,” Water Works <& Sewerage, 
June, 1937, pp. 231 and 426. 
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601. Coag^ulation with Alum. In order that aluminum sulphate may 
react to form a precipitate, it is necessary that the water into which the 
alum is placed shall contain some natural alkalinity, usually in the form of 
calcium carbonate. The hypothetical reactions that oc(*ur are as follows: 

1 . Alum and natural alkalinity: 

Al2(S()4)3-18H20 + 3C^a(T)3,Il2C03 = Al2(()ll)6 + 3(^)4 + OC^Oa 

+ I 8 H 2 O 

2. Alum and soda ash: 

Al2(S04)3l8H20 + 3Na2(X)3 + 3 H 2 O = AUCOHjo + 3Na2S04 + SCih 

-f“ I 8 H 2 O 

3. Alum and lime: 

Al2(S()4)3*18Il2() + 3 (^a(()H )2 = Al 2 (()H)fi + 3 C^aS 04 + I 8 H 2 O 

That which actually happens is much more complicated than the 
foregoing reactions would indicate. The amount of alum necessary to 
give perfect coagulation cannot be foretold by chemical analysis or other 
hypothesis. Theoretically 1 grain per gal. of commercial alum requires 
7.7 p.p.m. of alkalinity as CaCOs; practically the amount required may 
vary between 4 p.p.m. for highly colored waters up to 0 to 7 p.p.m. 
Less than the theoretical amount is used because part of the aluminum 
ions appear to combine directly with the impurities in the water. 

602. Practical Considerations in the Use of Alum. The absence of 
sufficient natural alkalinity to complete reaction ( 1 ) is unusual. In 
general, 8 to 10 p.p.m. of alkalinity as calcium carbonate will react with 1 
grain per gal. of alum, forming aluminum hydroxide, although it is very 
well known that none of these reactions goes to completion, for most of 
them are rev(»rsible, each depending for its linal eciuilihrium upon all the 
others. Where there is less than 20 p.p.m. of natural alkalinity as 
(>aCX )3 in the water, about 0.35 grain of lime or 0.5 grain of soda ash 
should be added per grain of alum. The reactions are shown in (2) and 
(3). Where sodium carbonate or lime is added to increase the alkalinity 
of the w'ater, the chemical should be thoroughly mixt'd with the raw w ater 
for a short time before alum is added. If added too long before the 
coagulant, some softening action may occur, necessitating the application 
of more chemicals. Doses used in practice vary between 0.3 and 2.0 
grains per gal., depending on many factors the understanding of which 
requires a broad knowledge of the reactions involved. 

The most common method of coagulating w ater w ith alum is to depend 
on the natural alkalinity in accordance w ith reaction ( 1 ). The use of soda 
ash, although giving better chemical results, is too costly to justify its 
general adoption. Where lime and soda ash are added, the basic sul- 
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phates of alumina, . 412 ( 804 ) 3 ( 011 ) 2 , Al 2 (S 04 ) 3 (OH) 4 , and Al 2 (S 04 ),(()H)«, 
will be formed \\’ith incomplete coagulation, because of their solubility. 
This will result in a waste of the coagulant and an increase of the hardness 
of the water. A low temperature combined with low natural alkalinity is 
most conducive to this difficulty. The addition of large amounts of alum 
will make the conditions worse. Increasing the concentration of calcium 
or magnesium carbonate or of scxlium bicarbonate in water, up to GO to 
75 p.p.m., will decrease the time retpiired for coagulation. Beyond this 
amount the time recjuired increases gradually as the concentration is 
increased.^ 

Alum is used occasionally in other forms, e.g., as ammonia alum or as 
^MJack” alum. Ammonia alum is a mixture of sulphate of alumina and 
ammonium sulphate Because of its slow dissolving powers, it is not 
commonly used in ater^\orks, but this property makes it desirable in 
swimming pools and for the stabilization of chlorine by moans of its 
ammonia radical. Black alum is used in a few plants- to obviate the 
necessity for the separate application of alum and activated carbon. 

603. Difficulties with Alum. In reactions (1 j, (2), and (3) the 
aluminum hydroxide forms the insoluble floccuhmt precipitate that is 
desirable for purifying the water. It is to be notec* that some calcium 
sulphate remains in solution \\ lien the natural alkalinity or the' addition of 
lime is depended on to react with the alum. This increases the perma¬ 
nent hardness of the water and is, therefore, detrimental. ^J"he amount of 
permanent hardnc*ss, expressc^d as calcium carbonate, resulting from this 
form of treatment is about 11.0 p.p.m., or about O.G grain per gal. for each 
grain of alum, Al 2 (S 04 j 3 , added. This amount is not objectionable in 
most water suppli(‘s. The increase of free carbon dioxide may be 
objectionabh* because of its corrosive nature. Unsatisfactory coagulation 
may result from the use of alum if sodium or potassium is prescuit in the 
A\ater. The presence of either of these substances spoils the precipitated 
aluminum hydroxide floe, causing it to appear in extremely fine particles 
which are almost colloidal. They will not settle, and they will pass 
through sand filters. The difficulty may be remedied by increasing the 
dose of alum. 

If it becomes necessary to add alkalinity to improve coagulation, 
there is a danger of fixation of color of the water if the added alkali is too 
strong.^ The reaction is seldom fully completed, and high concentrations 
of colloidal matter sometimes further hinder the reaction, with a result 

^ Baylis, J. U., ‘'Coagulation,” Water Works <&, Sewerage^ June, 1037, p. 426. 

2 Cook, II. M., “Results of the Use of Activated Carbon at Batavia, N.Y.,” Water 
lUorA's Seiveragfy February, 1034, p. 47. 

3 “The Correct Use of Coagulants,” Water and Water Eng., Mar. 31, 1034, p. 177. 
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that residual alum remains in the water that goes to the filters. It is 
difficult to adjust the coagulation through pll control, because the 
optimum range of pH values is small and the application of alum depresses 
the pH. 

604. Residual Aluminum Compounds. Water coagulated with alum 
contains aluminum compounds in solution. The exact nature of these 
compounds is so complex that it is the practice to report them as alumi¬ 
num or aluminum oxide, AI2O3, by determining the concentration of 
aluminum ion, A 1 +++, and converting to equivalent alumina by multiply¬ 
ing by 3.77. Residual alum cannot be reported in this manner, as it is 
incorrect to assume that the residual aluminum compound is aluminum 
sulphate. Since aluminum hydroxide is soluble in water to the extent of 
0.3 to 0.5 p.p.m., some residual alumina is to be expected, but the amount 
should not exceed about 0.3 p.p.m. Colorimetric tests, using either the 
dye alizarin red or logwood, are satisfactory for routine operation control.^ 

606. Commercial Alum. Commercial alum is crystalline in form 
Al 2 (S() 4 ).‘i * 18 H 2 () and contains about 18 per cent AI 2 O. 3 . Emergency 
alternate specifications for sulphate of alumina arc to be found in Jour. 
A.W.W.A. July, 1942, p. 1073, and tentative standard specifications in 
Jour. A.W.W.A., December 1915, p. 1385. For use in water purifica¬ 
tion, commercial alum is sold in all quantities from a single bag to carload 
lots, both in packages and in bulk. Paper bags or paper-lined bags or 
paper-lined barrels are commonly used as a protection against atmos¬ 
pheric moisture. A 4(K)-lb. barrel contains about 37() lb. net of alum 
crystals and occupies a space about 24 in. square and 29 in. high. Bags 
containing 200 lb. net of alum weigh about 202 lb. and occupy a space 
about 15 in. scpiare and 30 in. high. 

606. Coagulation with Ferrous Sulphate. Ferrous sulphate is a 
frecpiently used coagulant in water purification. It has an advantage 
over alum in that it may be less expensive and the fioc is heavier and sinks 
more rapidly. An outstanding disadvantage is the need for using lime 
with it. More complete chemical control is recpiired, and there are 
greater dangers from afterprecipitation in the distribution system due to 
the reaction between surplus lime and bicarbonate alkalinity. Ferrous 
sulphate is unsuitable for the treatment of soft colored waters because 
they are best coagulated at a pH below 7.0. - The color appears to 
become set by the addition of alkali to colored waters; hence the use of 
ferrous sulphate is limited to those waters in which alkalinity will not 

^ See also Cox, C. R., Determination of Soluble Residual Aluminum in Water 
Coagulated with Alum,” Water Works Eng., Feb. 17, 1937, p. 217. 

* Bartow, B]., and others, ^‘B'ormation of Ferric Bloc by B'erric Coagulants,” 
Proc. A.S.C.E., December, 1933, p. 1529. 
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interfere with color removal. It is best suited to use in turbid waters of 
high natural alkalinity. There is usually insufficient alkalinity in natural 
waters to react with ferrous sulphate, so that lime must usually be added 
to produce a floe and in order to avoid soluble compounds of iron remain¬ 
ing in the treated water. 

507. Reactions with Ferrous Sulphate. The chemical reactions that 
occur when ferrous sulphate and lime are used in coagulation depend, in 
part, on the order in which the chemicals arc* added to the water. 

Wlien the iron is addend first, the reactions are 

FeH04-7H2() + C^aCHlgHsC^Os = FeCOrUoCih + CaS()4 + 71UO (1) 


YeCih-lhCOs + 2C^a(()II)2 = f e(OIl )2 + 2CaC()3 + 21120 (2) 

4Fe(()H)2 + 21120 + 02 = 4Fe(OH)3 (3) 

When the lime is added first, the reactions are 

FeS()4 + C^a(()n )2 = Fe(()II )2 + (^iS 04 (4) 

4Fe(OH)2 + 21120 + O 2 = 4Fe(OIl)a (5) 


The ferrous hydroxide, Fe( 0 H) 2 , forms a d(\sirahle, heav> gelatinous 
pr(‘cipitate. It is, however, oxidized in accordance with reaction (3) to 
ferric hydroxide, Fe( 0 H) 3 , likewise a satisfactory gelatinous precipitate. 

508. Amount of Iron and Lime Required. As with other coagulants, 
the amount of ferrous sulphate recpiired is most commonly dc'terminc'd by 
experience with the water being treated. The amount of lime recpiirc^d is 
affected by the amount of fc'rrous sulphate added and the amount of 
carbon dioxide present, wdiich must be neutralizcHl. A vslight excess of 
lime, 1 to 5 p.p.m., should be addc'd, if sufficient alkalinity is present, to 
enhance the precipitation of ferric hydroxide through the formation of 
calcium carbonate crystals about the ferric hydroxide. Too great an 
exce^ss of lime should be avoided in order to prevent afterprecipitation 
effects. The amount of ferrous sulphate tc) be added is dependent, 
mainly, on the turbidity, the natural alkalinity, and the free carbon 
dioxide in the raw^ water. 

It is more difficult to use lime and iron than to use alum alone because 
of the necessity for the careful adjustment of the amounts of lime and iron 
to secure complete and effective reactions. Such a method of coagulation 
requires competent and constant supervision. 

509. Sodium Aluminate. Sodium aluminate, NaAl() 2 , is an alkaline 
compound, a typical analysis of the best commercial grade being AbOa, 
55.5 per cent; combined Na 2 () 3 , 34 per cent; Na 2 C 03 , 4.5 per cent; 
Na(OH) (excess), 6.3 per cent. The use of sodium aluminate is advan¬ 
tageous under certain conditions because there is no need for any addi¬ 
tional alkali. There is an immediate precipitation of all the aluminum 
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hydroxide because of the rapidity of the reaction and the presence of 
alkali. It does not increase the noncarbonate hardness and can be mixed 
with lime and soda ash solutions, thus making it unnecessary to provide 
additional equipment for its application. Among other advantages 
claimed for it may be included the elimination of corrosive qualities of the 
water, a wide range of pH, quick flocculation, and no need for the addi¬ 
tion of alkali. Its cost has been an important factor in preventing its 
wider adoption in practice.^ 

610, Ferric Coagulation. Ferric chloride, FeCU, ferric sulphate, 

Fe 2 (S 04 ) 8 , and a mixture of the two, known as chlorinated copperas, are 
among the more recently recognized coagulants, their greatest field of 
usefulness being found, probably, in sewage treatment.'^ Among the 
advantages claimed for the use of ferric coagulants in w'ater purification 
may be included:* (1) Coagulation is effective over a wider range of pH 
than with alum. (2) The time required for floe formation, conditioning, 
and settling is, in many cases, considerably shorter than that recjuired for 
alum. (3) Filter runs have been increased in several tests. (4) Man¬ 
ganese is successfully removed at pH values above 9.0. (5) Very little 

iron is carried through with the effluent. ((>) Hydrogen sulphide is 
removed, and tastes and odors are reduced. (7) There is a decreased 
tendency tow^ard the formation of mud balls compared with aluminum 
floe. (8) Under some conditions the ferric coagulants arc more econom¬ 
ical than aluminum hydroxide. * 

611. Ferric Chloride.^ When ferrio chloride is added to w^atcr, the 
following reaction occurs: 

FeCia + = Fe(OII)3 + 3H+ + 301" (0) 

The ferric hydroxide is precipitated, forming a de^sirable coagulant, which 
is heavier than aluminum hydroxide and recjuires a shorter retention 
period and less careful adjustment of pH. Acidities that are encountered 
with some soft, highly colored w^aters make their coagulation with alum 
impossible, but tlu'y may be successfully ccmgulated with ferric com¬ 
pounds. Ferric chloride has been used with success also in waters 

^*‘The Correct Use of ('oagulaiits,^^ Water am] TPa/rr Eng.f Mar. 31, 1934, p. 177. 

* See also Hyde, C. G., “Practical Aspects of Coagulation with Ferric Chloride,” 
Jour. A.W,W,A., May, 1935, p 631. 

* Black, A. P., “Coagulation with Iron Ck)mpounds,” Jovr, A.WAV.A., 1934, 
p. 1713. 

* Craig and Bean, “Ferric Iron Coagulation of Soft Water,” Water Works A 
Sewerage^ September, 1932, p. 301. 

^ Hyde, C. G., “Practical Aspects of Coagulation with Ferric Chloride,” Jour. 
A.W.W.A., May, 1935, p. 631. 
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(‘(iiitaining hydrogen sulphide because, in contrast to alum, ferric chloride 
is an oxidizing agent, whereas alum is a reducing agent. In treating 
sulphide waters, the ferric salt is reduced to the ferrous state, after which 
it behaves like ferrous sulphate in the lime and iron process. 

612. Chlorinated Copperas. Chlorinated copperas is a mixture of 
ferric chloride and ferric sulphate prepared by adding chlorine to a 
solution of ferrous sulphate in the ratio of 1 part of chlorine to 7.8 parts of 
copperas. It is claimed that, as a result, the effectiveness of the copperas 
as a coagulant is increased and the necessity for high alkalinity is elimi¬ 
nated. In practice, copperas solution may be dosed with chlorine 
discharged from a chloriiiator. Among the advantages claimed for the 
use of chlorinated copperas as a coagulant* are (1) a desirable floe forma¬ 
tion with tough particles of floe resistant to breaking up; (2) floe forma¬ 
tion usuall> settles well with only a small residual going to the iilters; (3) 
the coagulating €'fl'e(*t has a wide range of optimum pH from 8 oi 9 to fl; 
(4) a (‘ompact floe of hydrated ferric oxide, which dcjcs not dissolve in 
alkaline waters, is formed at all pH values above 3.5; and (5) the coagu¬ 
lant is particularly efl’ective in color removal compared with the relative 
ineffectiveness of ferric and ferrous hydroxides on colloids having an iso¬ 
electric point below 7 . 0 .^ (^hlorinated copperas has not been widely used 
in practice so that experience with it is restricted. 

613. Handling Ferric Coagulants. Solutions of ferric chloride are 
extremely corrosive and must, therefore, b(‘ stored and transported in 
nonmetallic materials r)r certain of the newer alloys of iron which have 
been reported to be resistant to its corrosive powers.'"* The substance has 
a highly astringent action on wood, making it necessary fre(|uently to 
tighten w^ooden storage tanks. In computing the allowable storage space 
for the crystals, w^hich are highly deliquescent, an allow'ance of 55 to 60 lb. 
per cu. ft., or 70 sep ft. per ton, should be allowed, because of its 
hygroscopic qualities, ferric chloride cannot be applied through a dry-feed 
machine, necessitating the preparation of an acpieous solution. In 
general, the strength of the solution may vary from about 2 per cent in 
very small plants to 20 per cent, or even gn^ater, in large, well-equipped 
plants. The strength used de})ends on the rate of use and the precision 
with which dosing is to be accomplished. 

Ferric sulphate is supplied commercially in a conctmtnited form, 
ranging from 62 per cent Fe(S() 4)8 to anhydrous. It is not deliquescent, 

^ Biluons, L. C., “Experience with Chlorinated Copperas as a C/oagnlanf/’ 
Water Works & Sewerage, 1934, p. 73. 

2 Hedgepeth, L. L., “Chlorinated Copperas Used in Water Purifieaiion,” Ind. 
Eng. Chew., September, 1931, p. 534. 

* PoTTEH, J. M., “Practical Aspects of Storing and Handling Ferric C'hloride,” 
Water Works & Sewerage, January, 1935, p 12. 
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and it is less corrosive than ferric chloride and can, therefore, be stored 
and handled with greater ease. On going into solution, considerable heat 
is generated, which assists solution when the volume of water is not too 
great. Storage solutions should not be made in strengths of less tlian 
about 1 per cent to prevent rapid hydrolysis of the coagulant. Hydrol¬ 
ysis is practically instantaneous and will occur at pll of 5.0 to 0.0. 

614. Coagulation with Clay. Coagulation with clay has been 
experimented with in a few water purification plants, but it is rarely used 
in practice. The function of the clay is probably 1 o provide colloidal 
nuclei for the adsorption of finely divided and colloidal matter in the 
water. Only special forms of clay are suitable for the purpose, and the 
cost of the process depends on the availability of suitable materials. 
Leipold^ reports that the use of clay materially increases the length of 
filter runs that had been shortened by reavson of micr()scf)pic organisms in 
the raw water and aids in checking the shrinking of sand in the filters. 
He applied the clay through a dry-feed machine at rates varying between 
1.1 and 7.1 grains per gal., with a mixing period of 15 min. and a coagu¬ 
lation period above 2 hr. At Chester, Pa., Dodd- used an average dose 
of only 0.3 grain per gal. with a range between 0.1 and O.G. The cost of 
the clay is in the neighborhood of ‘^4 cent per pound. 

Hentunite, which swells greatly on wetting, has the property of 
exchanging the alkali and the alkaline-earth ions,*^ and it is possible that 
th(» differences in colloidal properties of various clays may be due to 
variations in composition resulting from such excliange of bases. It has 
been found by test that the coagulating efre(*ls of bentonite are not 
materially affected by the pH value of the water and that ^^ith ecjuivalent 
dosages bentonite fiocs are uniformly more voluminous and more rapid in 
settling the alum floes. 

616. Lime Treatment. Although not a form of coagulation, an 
(wcessive amount of lime, up to 2 to 3 grains per gal., is sometimes added 
to water before filtration in an attempt to reduce the bacterial load on the 
filters, to avoid chlorination after filtration, and to aid in water softening. 
Lime treatment of the effiuent from a rapid sand filter plant is sometimes 
employed to overcome the corrosive qualities resulting from the presence 
of carbon dioxide and oxygen. The lime treatment should be sufficient 
to neutralize the carbon dioxide and to permit the formation of a protec¬ 
tive coating on exposed metallic surfaces. 

^Leipold, Carl, “Clay Used as Artificial Turbidity to Eliminate Short Filter 
Huns,” Water lEorA*# Seweragvy August, 1933, p 304. 

* Dodd, H. 1., “The Use of .\hsorbing Clay for Removing Taste and Odor Produc¬ 
ing Substances from Water,” Jour. Penna. Water Works Operators' Assoc.^ 1932, p. 65. 

^ Olin, H. L., and H. W. Peterson, “The Use of Bentonite as a Coagulant,” 
Jour. A.HMr.A., April, 1937, p. 513. 
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616. Costs and Weights of Chemicals. In general, the relative costs 
of the different coagulants are as listed below, the least costly being 
stated first: (1) lime and iron, (2) alum alone, (3) alum and lime, (4) alum 
and soda ash, (5) sodium aluminate. The approximate relative costs, per 
100 lb., of the various chemicals are shown in Table 85. 


Table 85 — Kklathe Cobts of Chemioals 


Chemical 

1 

1 Helativf* cost 

1 p(*r pouixl 

I- 

i Pounds per 
cubic foot 

Alum 

1 10 

' 60 0 

Ferrous sulphate ' 

' 0 70 

00 0 

Linx' 

0 55 

30 0((^aOII) 

8oda ash 

1 (X) 

42 0 

Sodium alummat(‘ 

2 70 


Ferric chloride 

2 05 


lileachiiig clay 

Activated carbon 

0 75 

' 13 5 

Activated alum 

1 

5S 0 


617. Handling and Storing Chemicals. Dry chemicals are delivered 
to water-purification plants in paper or burlap bags, in wooden barrels 
which are usually paper lined, and in bulk, sometimes in paper-lined box 
cars. The chemicals should be stored in a dry place at a moderate and 
Fairly uniform temperature. These conditions are necessary to prevent 
deli(iuescence and caking. Temperatures above 7()”F. are undesirable. 
It is freciuently desirable to store chemicals on the floor or floors above 
the chemical preparation room so that gravity may be used in the prep¬ 
aration of the solutions or charging of the feeding devices. Chemicals 
in bags are usually piled on the floor, two bags high. 'I'hose in bulk 
should be stored in bins so designed and located that they can b(‘ w^ith- 
drawn from the bottom of the bins and delivered where desired. The bins 
should be relatively deep, exposing but a small amount of chemical to 
the atmosphere. The bottom slope should not be l(*ss than 45 deg. from 
the vertical. Corrosive, volatile, or dcditpiescent chemicals, including 
such chemicals as ferric chloride, both licjuid and solid, sodium aluminate, 
sodium hydroxide, ammonium chloride, and liquid and gaseous materials, 
must ordinarily be stored in shipping containers. 

E(piipment provided for the handling of chemicals should include 
hand trucks, elevators, overhead tracks, cranes, mechanical conveyers, 
and pneumatic conveyers. The last named are particularly useful in 
handling dry, dusty chemicals such as hydrated lime. 
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618. Preparation of Solutions. In the preparation of chemical 
solutions a satisfactory method, with chemicals that are easily dissolved, 
such as alum, ferrous sulphate, or soda ash, is to place the chemical in a 
metal basket, perforated-concrete box, or perforated wooden box and to 
spray warm water over the chemical. The water, containing the chem¬ 
ical in solution, is retained in sohition-storage tanks. The storage tanks 
may b(* large enough to hold sufficient solution for one operation shift, or 
large enough to dissolve the contents of one shipping container. The 
first size may be conducive to operation responsibility and efficiency, the 
latter to convenience and safety in operation. Another satisfactory 
method is to use the solution pot, a container into which the chemicals are 
placed and through which the water flows, as indicated in Fig. 225. 

Enough chemical is placed in the pot 
to maintain a saturated solution in the 
effluent pipe. The rate of flow of solu¬ 
tion is proportional to the rate of flow 
through the main water pipe. 

llecommended strengths of solutions 
are given in Table 83. Solutions for 
application to the wattn’ should be more 
dilute than storage or ‘‘stock’’ solu¬ 
tions, in order to increase the delicacy 
of control of dose. However, too high 
a dilution is undesirable because of thopossibility of premature chemical 
reactions and because of the bulk of solution to be handled. 

619. Storing Chemical Solutions. Containers for the storage of 
chemical solutions are made of v ood, steel, concr(»t(', glass, rubber, brass, 
copper, lead, and metallic alloys. Materials to be used for storing 
various chemicals are listed in Table 83. lInprot(H*ted wood and steel arc 
not widely used })ecause of their short life in the presence of most chemi¬ 
cal solutions used in water purification. They may be protected by acid- 
resistant paint, bituminous compounds, or lead lining, or the steel may 
be enameled. 

Weak acid solutions may be stored in concrete tanks, enameled iron 
tanks, or lead-linecl tanks. Alkaline solutions may be stored in iron 
tanks. Lime should be slaked only in an iron tank as the heat generated 
wdll injure most other materials. Hypochlorite of lime should be stored 
in rubber-lined or vitreous tanks. 

620. Stirring. The stirring of most solutions is essential to prevent 
settling and stratification. It can be accomplished by slowdy moving 
paddh's in the tank. There should be at least two paddles in the tank, 
revolving in opposite directions, to avoid the creation of a vortex. Air 






w 


] u«. 225. Solution pot for clioniical 
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agitation may be used for chemicals that will not be affected thereby. 
Ferrous sulphate must be protected against oxidation even when paddles 
are used. It is not essential that the stirring mechanism should be 
operated continuously for all solutions. 

621. Chemical Feed. Chemicals may be fed either in solution or in 
the form of the dry chemical. Dry feed is generally preferred because of 
the freedom from the additional equipment required for the preparation, 
storage, and feeding of solutions. However, it may be desirable to use 
solution feed in small plants where the cost of dry-feed machines may not 
be economically justified, or where the chemical to be fed is deliciuescent 
or is otherwise unsuitable for handling in a dry-feed machine. 

622. Solution-feed Devices. Solution-feed devices may be either 
continuous rate or prooortional feed. A common type of continuous-rate 
feed device consists of an orifice in the bottom of a small solution-feed 
tank. Either or both the size of the orifice and the head on it are adjust¬ 
able, by the operator, to give any rate of flow' desinnl within the limits of 
capacity of the control d(‘vice. 

Feed of chemical solution as a constant proportion of the rate of how 
of water through the plant can be controlled by (1) a reciprocating solu¬ 
tion-feed pump synchronized with the main i)umps, (2) by devices 
depending on the principle of the venturi tube, (3) by (.!(*vices operating on 
the principle of the bucket conveyer, (4) by continuous pll analyzers that 
control solution flow' electrically, and (5) by other ingenious devices. 
Desirable features of solution-feed devices include simplicity in design, 
resistance to corrosion, and freedom from clogging. 

623. Pipes for Chemical Solutions. Hohit ion-feed devices should be 
arranged, where possible, so that the solution falls into the raw' w'ater })y 
gravity, thus avoiding the need for pipes or pumping. Materials used for 
pipes are the same as those used for storage tanks and are list(Ml in Table 
83. Lead, bronze, and brass are suitable for conveyir.g alkali(‘s, although 
brass is not commonly us(h1. Rubber, in the form of chemical hose, seems 
to stand up w'ell under any solution, and where flexible hose is used 
stoppages may sometimes be cleared by bending and pressing the hose. 

Pipe lines should be laid on a continuous slope, as steep as possible, 
leading without bends, to cleanouts. Air traps in the lines must be 
avoided. Where bends are necessary cleanouts should be provided so 
that a rod can be inserted in the pipe to or beyond the next cleanout. 
Straight runs may have cleanouts at about 20-ft. intervals. 1 Vo vision 
should be made for drainage at cleanouts. A wye, tee, or cross makes a 
satisfactory cleanout. Provision should also be made for flushing the 
pipe with water under pressure; duplicate pipes are sometimes desirable 
to permit cleaning of one while the other is in service. 
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624. Dry-feed Apparatus. Dry-feed devices are desirable because of 
simplicity, relatively small space required, neatness, and freedom from 
corrosion. All chemicals cannot be handled in dry-feed apparatus 
because of caking, clogging, and deliquescence. The desirable charac¬ 
teristics of a chemical that is to be fed dry are uniformity of size of grain, 
constancy in composition, permanency under prevailing conditions of 
temperature and pressure, and freedom from being hygroscopic or 
efflorescent. Aluminum sulphate is fairly fine and uniform and gives 
little trouble. The dry feeding of alum is especially advantageous, as it 
avoids the corrosiveness of alum solutions on the pipes that convey it. 
Hydrated lime is more troublesome than alum because of its tendency to 
bridge orifices and to take up moisture. Iron sulphate is sometimes quite 
troublesome, as the number of molecules of water of crystallization 
depends on the temperature, with the result that, in changing tempera¬ 
ture, stored iron sulphate may become a solid mass in the bin. 

Of the two types of chemical-feed regulators, volumetric control is 
more common than gravimetric control. A common form of chemical- 
feed machine is shown in Fig. 22(5. Arching of the chemical in the hopper 
is prevented by vibratory oi* internal mechanical agitation. 

Dry-feed macliines are preferably driven by constant-speed electric 
motors. Although the amount of power reciuired is very small, water 
motors are undesirable because of flu(*tuations in Avater pressure. Rato 
of feeding can be adjusted by controlling the space betwetm the hopper 
and the tray and by controlling the intensity of vibrations of the tray. 
Without auxiliary gravimetric control, volumetric feeders need close 
attention to assure accurate feeding. Dry-feed machines are available 
that are dependable and accunite in their performance. They may be 
equipped with rate-of-feed gages and be suspended *on recording scales so 
that a check of their performance can t)e maintained. 

526. Factors Affecting Coagulation. Among the principal factors 
affecting coagulation are the following: 

1 Quantity and kind of coagulant 

2. Characteristics of the' water, including suspcrulcd inatt(*r, temperature, and pH. 

3 Time, violence, and method of mixing 

Temperature has more influence on the rate of formation of floe than 
it has on the amount of coagulant required. However, x\here rate of 
flocculation is too slow for proper plant operation, it may be necessary to 
increase the chemical dose. Optimum pH ranges for some coagulants 
are shown in Table 83. 

626. Mixing, Conditioning, or Flocculation. After the chemical 
solution or the dry chemical has been added to the raw water, the two 
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should be thoroughly and quickly mixed and the mixture should he 
prepared, or conditioned, for the following period of quiescent sedimenta¬ 
tion in the settling basin, commonly known as the coagulating basin, 
'^rhe term mixing is used to designate the action of bringing the chemical 
into contact with all portions of the water, and the term conditioning, or 
flocculation, refers to the process of accretion or agglomeration of the 
particles of floe into masses of sufficient weight and bulk so that they 
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may settle readily in the coagulating or sedimentation basin. In the 
operation of a plant it is not possible to distinguish sharply between mix¬ 
ing and conditioning, as they may proceed simultaneously. Thorough 
mixing of the coagulating chemical with the water is accomplished by a 
short period of violent agitation. This should be followed by a longer 
period of conditioning, involving gentle stirring, during which the desired 
floe is developed. 





454 


WATER SUPPLY ENGINEERING 


Factors to be considered in the design and control of mixing and 
flocculating devices include the time of retention and the velocity of the 
currents. In general, the time of mixing should be as short as possible, 
consistent with sati^;factory results. The aim is to secure, as nearly and 
as quickly as possible, a thorough diffusion of the chemical throughout 
the incoming water. The duration of the period of flocculation depends 
on the condition of the raw water, the kind and amount of chemical used, 
the type of flocculator used, and the desired results. It can he deter¬ 
mined best by laboratory control and experience ^\ith the water in hand. 
In general, periods of flocculation used in practice are in the neighborhood 
of 30 to 60 min. when preparing the water for coagulation basins and 
slightly longer for lime softening.' It is to be appreciated that, in general, 
a good flocculation is to be expected in a shorter time with highly turbid 
waters than is recpiired for an equal amount of coagulant when the 
turbidity is low. Velocities of flow’ in mixing basins as high as 3 f.p.s. are 
sometimes used, and in flocculation about 0.5 to 1.0 f.p.s. Care should be 
taken to keep the floe in suspension with just enough agitation to prevent 
breaking it up. The type of motion seems of greater importance than 
the velocity of flow. A circulalory, twisting, sweeping confusion of the 
floe, resembling snow swirls, has been found most advantageous.’ (’are 
must be taken to form neither a large and feathery but fragile floe nor a 
tough and tenacious floe that lacks adsorbtive capacity. 


Index 

Number 

0 

2 

4 

0 

8 

10 


(’orrespoiidiiip; I leseriptfoii of Floe 
folloidal floe. Absolutely no si^ns of aKgloinoration 

Faint. Floe in minute partieles not diseernable by the ordinary o})s(‘rv(‘r 
Distinct. Floe well formed but uniformly distributed 
Deeided. Floe larj^e in size and about to pna-ipitati* 

FAe(‘llent. Dejiosition of floe well establislied but not eompl<‘te 
Complete. Floe praetieally all deposited. Supernatant Iniuid iiiaetieally 
eh'ar 


627. Measurement of Floe, 'lliroo recognized methods have been 
proposed for the rapid routine estimation of floe: the dissolved-color 
method of Nasmith,'^ l^aylis's floe detector,** and the co\cr-glass method 

* “S[)rinji;-Summ(‘r Operation at Lake Michigan Filter Plants,” Ihig. NewH-R(cord, 
Aug. 31, 11133, p. 250. 

^ S.MiTii, M. C., “ Improved Mechanical Treatment of Water for Filtration,” Water 
Works ct* Sewerage, April, 1932, p. 103 

* Nasmith, O. (L, “A Simple Color Test of Floe in Treating Colored Water,” 
Jovr, A.W.W.A., Vol. 22, p. 396, 1930 

MIaylis, J. R., ‘‘Sensitive Detection of Suspended Matter and A Proposed 
Standard of C%rity in Filtered Water,” Jour, A.W.W.A , Vol. 11, p. 824, 1924. 
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of WillcombJ To aid in the control of flocculation Willcomb has pro¬ 
posed a floe index number as shown on page 454. 

In order to resist passage through pores of a filter, floe must be both 
large and strong. Factors affecting strength may be formulated into a 
floe index as he^/d, in which h is the head necessary to force the floe 
through a bed of sand of uniform size e and depth d, Wliere the uni¬ 
formity coefficient is low, e may be the effective size. Where e is expressed 
in millimeters and other dimensions are in feet, floe indices of 1 or less are 
weak and 5 is attainable and desirable. 

628. Mixing Devices. Mixing devices include (1) pumps, (2) 
l)affled basins, (3) spiral-flow basins, (4) basins with mechanically driven 
paddles, (5) air agitation, and (0) the hydraulic jiimj). Mechanical 
stirring devices provide the most satisfactoiy form of mixing device. 
Circular tanks with hopper bottom, equipped with revolving paddles and 
providing a mixing period of at least 30 min., are frecpiently used. The 
speed of the paddles should be adjustable to permit flexibility and the 
maintenance of the best speed in operation. The hopper bottom is 
provided to permit the removal of sludge which should not be allowed to 
accumulate. Where low’-lift pumps are available, they are sometimes 
used as mixing devices. 

Praetors to be considered in the design of mixing devices include time, 
temperature, velocity of flow', (luantity and (*hai*a(‘ter of chemi(‘als added, 
violence of agitation, and characteristics t)f the water to be treated. 
These factors are generally interdependent; c.f/., water with a turbidity of 
10, treated with 0 p.p.m. of aluminum sulphate (anhydrous), may re(iuire 
()0 min. mixing at a low' temperature, but if the temperature, the con¬ 
centration of chemical dose, and the violence of agitation are increased 
individually or collectively the period of mixing may be reduced to 10 
min. Low' temperatures d(‘lay floe formation. Agitation e\j)edites it. 
\>locities of 1 to 3 f.]).s. through baffled basins are recommended. The 
value of prolonged mixing has been hrmly established through experience 
in operation. 

629. Baffled Mixing Basins. Basins through which water flows 
horizontally, })ack and forth, past around-the-end baffies placed 2 to 3 ft. 
apart, or in which it flows up and down, past under-and-over baffles 
about 2 to 3 ft. apart, are know'n as baflU^d mixing basins. They 
may serve as combined mixing and coagulating basins, depending 
on the turbulence of flow. Their use is becoming less general because 
of the advantages of mechanical mixing and mechanical flocculating 
basins. 

^ Willcomb, C». K , “Floe Formation and Mixing Basin l*raf*ti(*r,’Vo//r. A.W.W.A.y 
Vol. 24, p. 1416, 1932. 
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Disadvantages of baffled basins, when compared with mechanical 
devices, include (1) less flexibility of control; (2) greater loss of head, 
which may amount to 1 to 2 ft. in the baffled basin and to practically 
nothing in the mechanical flocculator; and (3) greater expense of con¬ 
struction due to the baffle walls. Loss of head in around-the-end baffled 
basins, for 180 deg. turn of direction of flow, can be expressed as 3.22Ly 
2gf, where V is the mean velocity of flow.^ 

530. Spiral-flow or Tangential-flow Basins. In circular basins the 
mixing or flocculating effect may be obtained by admitting the water 
tangentially at the periphery and withdrawing it at the center. The 
average induced rotating velocity in such tanks, with diameter not 
greater than about 40 ft., lies between 0.5 and 0.75 f.p.s., with an energy 
requirement ecpiivalent to about 1 ft. of head loss. The depth is usually 
equal to or gn^ater than the diameter. Disadvantages of such tanks 
include (1) short circuiting, (2) flow variations affect the intensity of 
agitation velocity, (3) high velocities at the periphery and low velocities at 
the center, and (4) velocities are not easily adjusted to meet plant 
conditions. 

631. Mechanical Flocculators. Mechanical flocculators are dis¬ 
placing other forms of flocculators because they provide numerous 
gentle contacts ])etween the flocculating particles that are essential to 
successful floe formation. Such contacts occur in a manner not provided 
by other m(*thods of flocculation. Among the advantages of mechanical 
flocculators may be included (1) reduction of 10 to 40 per cent of the 
amount of chemical re(|uired by a baffled basin, (2) better floe formation 
with resulting diminution in recpiired coagulating basin capacity, (3) less 
filter washing, (4) cost of installation lower than Imffled basins, (5) 
flexibility of operation through control of speed of paddles, ((>) good 
control of currents, (7) relatively low' head loss or power recpiirements, (8) 
ease of installation in existing plants, and (9) marked improvement in 
treatment with activated carbon. Among the disadvantage's may be 
includ('d (1) low velocity near paddle shaft, (2) dead spaces in corners, 
(3) need of eeiuipment maintenance, and (4) bad short circuiting. 

Mechanical flocculators may be either circular tanks with paddles 
revolving on a vertical shaft, or rectangular tanks with paddles revolving 
on a horizontal shaft. Circular basins are used with paddles revolving 
about a vertical shaft w ith the direction of revolution of adjacent paddles 
opposed, or with some fixed and some moving paddles, to prevent the 
production of a vortex in the basin. Such flocculators are more com¬ 
monly used in small plants and in the laboratory. 

A common type of mechanical flocculator consists of a horizontal 

^ See also “Manual of Engineering Practice,” No. 19, “Water Treatment Plant 
Design,” American Society Civil Engineering, 1941. 
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continuous-flow rectangular basin into which the water enters at the 
bottom, either at the side or middle of one end, and from which it leaves 
at the opposite side or middle of the other end, inducing a spiral flow. In 
passing through the basin the water encounters one or more slowly 
revolving paddles. Paddle areas, depending on the type of paddle, may 
vary between 10 and 25 per cent of the vertical cross-sectional area of the 
tank. The velocity of the paddle should be as fast as practicable without 
breaking up the floe. 

The peripheral speed of the paddle may be varied bet^^een 0.5 and 2.0 
f.p.s. In some designs the paddles arc driven at different speeds, those 
nearer the inlet of the basin revolving more rapidly, with the size of the 
blade being reduced as distance from the inlet increases.^ The po^^er 
requirements for such paddles has been found to lie between 3 and 6 
kw.-hr. per million gallons of water treated for a OO-min. period of 
flocculation. 

Velocities of flow used in practice, lie between 0.5 and 0.7 f p.s., with 
satisfactory periods of retimtion varying between 10 and 00 min.- Speeds 
and periods of retention provided in design should be adjustable within 
a fairly wide range* by the operator to permit operation under optimum 
conditions. One form of horizontal-shaft flocculator paddle is shown in 
Fig. 227. 

In the design of flocculator paddles for a horizontal-flow rectangular 
basin the length of the horizontal shaft is placed at right angles to the 
direction of the flow' of water, and the paddles are spaced so that the 
shortest distance betw'een tips is not greater than 2 to 3 ft. The paddles 
revolve in a direction such that the top moves toward the outlet of the 
basin with their tips just below’ or protruding an inch or so above the 
A\ater surface. 

632. Agitation with Air. Floe conditioning may be accomplished by 
blow ing air from a grid of perforated pipes or other typo of difTuser placed 
on the bottom of the basin through which the water is flowing.^ Depths 
of 7 to 12 ft. are satisfactory, with a maximum i)ractical depth of about 
15 ft. l^)rous tubes, porous plates, or perforated pipes may be used for 
air distribution. Where perforated pipes are used lat(*rals may be spaced 
3 to 5 ft. apart, wdth * diameter perforations on 3- to 0-in. centers. 

The distribution pipes, or porous distributors, should be placed in valleys 
wdth concrete ridges between them. About 0.5 cu. ft. of air per minute 
per square foot of tank area may be required. 

1 Sec also Smith, M. C., ‘‘Improved Mechanical Treatment for Water Purifica¬ 
tion,” Water Works & Sewerage, April, 1932, p. 103. 

2 See also “Manual of Engineering Practice,” No. 19, “Water Treatment Plant 
Design,” American Society Civil Engineering, 1941, p. 29. 

3 See also Wil^comb, G. E., “Floe Formation and Mixing Basin Practice,” Jour, 
A.W.W.A., 1932, p. 1416. 
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Advantages of air agitation include (1) flexibility of control, (2) low 
first cost and ease of installation, and (3) aeration combined with mixing. 
Among the disadvantages are (1) uneveness of agitation between bottom 
and top of basin and (2) clogging of air pipes and diffusers. 

533. Coagulation Basins. The coagulation basin is designed to 
receive the water from the mixing or flocculating device and to retain it a 
sufficient length of lime to p(‘rmit the sedimentation of the proper amount 
of floe. If the water is to flow to a rapid sand filter, sufficient floe should 



Fi(}. 227— Flocculator paddlo'^, Lexiiifi^ton, Ky. (CourUay of J. Sttphin Watkhis.) 


remain in the efHuent from the coagulating basin to form a light mat over 
th(‘ surface of lh(‘ tiltiu*. The velocity of flow in the coagulation basin 
should be as slow as possible, not to exceed 3 f.p.rn., and preferabl}^ less 
than 1 f.p.rn. The basin should be designed to avoid turbulence and to 
provide a uniform velocity throughout. The principles of design in these 
respects are the same as for a plain sedimentation basin. 

Periods of detention used in practice vary between wide limits, but the 
most common periods lie between 2 and 0 hr., the shorter one being more 
frecjuently used. 

Coagulation basins may be ecpiipped with continuous scrapers for the 
removal of deposited floe, operating similarly to those described in Sec. 
497. They are finding considerable favor in waterw^orks practice because 
of their efficiency, the improved results obtained by the continuous 
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removal of sludge, the possibilities of sludge recirculation, and the pre¬ 
vention of putrefaction of the sludge. 

634. Upward-flow Coagulation. In upward-flow coagulation basins, 
suspended particles are removed by passing the flocculated water upward 
through a blanket of previously precipitated particles. Clear water is 



taken out at the surface and the particles, caught in the sus])ended 
blanket^ settle to the bottom and are removed as sludge Upward 
\elocities of about 0.25 to 0.3 f p.m. have been used. Several types of 
proprietary devices are in us(*. They are used not only in coagulation, 
but in softening and in the clarification of colored and turbid waters. 
One type, a Spaulding precipitator, is illustrated in Fig. 228. 


CHAPTER XXVIII 


SAND FILTRATION 

636. Theory of Filtration. The common method for filtration of 
water is to pass it through a layer of sand. It has been found by experi¬ 
ence that, by passing water through sand, suspended and colloidal matter 
are partially removed, the chemical characteristics of the water are 
changed, and the number of bacteria is materially reduced. These 
phenomena are explained on the basis of four actions: mechanical strain¬ 
ing, sedimentation or adsorption, biological metabolism, and electrolytic 
changes. 

Mechanical straining removes the particles of suspended matter that 
are too large to pass through the interstices between the sand grains. It 
cannot remove colloidal matter or bacteria too small to be strained out. 

Sedimentation and adsorption account for the removal of colloids, 
small particles of suspended matter, and bacteria. The interstices 
between the sand grains act as minute sedimentation basins in which the 
suspended particles settle upon the sides of the sand grains. These 
particles adhere to the grains because of the physical attraction between 
the two particles of matter and because of the presence of a gelatinous 
coating formed on the sand grains by previously deposited bacteria and 
colloidal matter. 

Biological metabolism is the growth and life processes of living cells. 
This, together with (dectrolytic actions, causes chemical changes that 
occur in a water filter. Matter is used in the metabolism of all organisms. 
The chemical combinations of this matter are altered by the growth of the 
organism. Since there are living organisms on sand filters, it follows that 
the chemical make-uj) of the matter put upon the filter will be altered by 
the growth of the organisms on the bed. 

A very brief summary of the ionic theory, to explain the electrolytic 
changes, would state that, when two ions with opposite electrical charges 
are brought into contact, the electrical charges are neutralized or so 
altered as to form different chemical substances. The electrical charges 
on the sand filter, and on the ionized matter in the water, react to alter the 
chemical constituents of the water. Ultimately, the electrical charge on 
the filter is exhausted, and the filter must be cleaned to renew' these 
charges. 
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The action of a filter occurs principally at the surface of the sand in the 
layer of matter deposited thereon. Other actions take place in the 
gelatinous coating on the sand grains within the body of the filter. The 
surface layer contains a zoogloeal jelly in which the biological activities 
are at their highest. This laj^er of material is called the schm\itzdecke 
(dirty skin). The successful operation of slow sand fitors in particular is 
dependent on it. Until the schmuiztiecke is built up, the bacterial removal 
may be low. This building up constitutes the growth of the gelatinous 
coating on the sand grains within the filter. Tt is referred to as the 
^‘ripening’' of the filter. It may require some time after a filter has been 
put into service before the desired efficiency of bacterial removal is 
secured. Frequently a satisfa(‘tory effluent can be obtained immediately. 
The character of the raw water, the rate of filtration, and other factors 
determine this. As the filter ages, the pressure necessary to force the 
water through the schmntzdecke and the gelatinous coating within the 
body of the filter becomes so great as to necessitate the cleaning of 
the filter. 

Relatively little or no schmvtzdecke is formed at the surface of a rapid 
sand filter. The filter may be penetrated deeply by floe. Tlie deiHh of 
penetration is dependent on such conditions as the rate' of filtration, the 
head loss through the filter, the density of the suspended mattcT in the 
water, the porosity of the filtering material, the temi)(TOture, and the floe 
indices described in Secs. 520 and 527. In general, under satisfactory 
conditions of operation, fioc should penetrate not more than 2 to 0 in., 
after which the head loss through the filter should increase rapidly, 
necessitating the washing of the filter. 

636. Types of Sand Filter. Two general types of sand filters are used 
for public Avater supplies, the slow sand filter and the rapid sand filter. A 
slow sand filter is a device for the purification of water consisting of a 
layer of sand through which water is filtered at a relatively slow rate, the 
filter being cleaned by scraping a thin layer of dirty sand from the surface. 
A rapid sand filter is a device for the purification of water consisting of a 
layer of sand through which water is filtered at a more rapid rate than is 
practicable for use with a slow sand filter, the filter being cleaned by 
reversing the flow of w^ater ^hrough the sand, sometimes supplemented by 
mechanical or air agitation during w^ashing. 

637, Comparison of Slow Sand and Rapid Sand Filtration. The 
outstanding features of operation that distinguish the slow sand from the 
rapid sand filter arc the rate of filtration, the method of cleaning, and 
the absence of preliminary chemical treatment of the water in slow" sand 
filtration. In comparing the two types of filters it is found that the slow 
sand filter is less likely to go wrong under inexperienced operation; it does 
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not require such skilled attendance; the amount of head consumed is less; 
it is preferred by some because of the greater reliability of the removal of 
bacteria; the operating costs may be less per unit volume of water treated; 
and it is best adapted to waters low in color, turbidity, and bacterial 
count. Among the features of rapid sand filters that make them more 
desirable than slow sand filters may be included lower first cost; smaller 
area of land reciuired; the effluent is clearer, has less color, and is spar¬ 
kling; a smaller amount of sand is recpiired for construction; the method 
of cleaning leaves the filler out of service for a few minutes only; treat¬ 
ment can be more quickly adjusted to variations in raw water quality; 
and, finally, the capitalized cost of the plant is less. 

Slow sand filters were the first type developed for water purification, 
dating back to 1829. The first rapid sand filter was constructed at 
Somerville, N.J., in 1884. Since then the construction of rapid sand 
filters has almost supplanted slow sand filter construction in the United 
States, and the ratio of rapid sand to slow sand filters in other countries 
has steadily increased. 

Both types of filter constitute only a part of the water purification 
plant of which they are the most essential feature. 

638. Cost of Filtration. The first cost of a water filter, as of other 
engineering structures, depends on many fa(*tors of design, (construction, 
location, etc. In general, the first cost of rapid sand filters constructed 
before the S(»cond World War varied between $25,000 und $05,000 per 
million gallons daily capiicity, the lower figures Ixnng applicable to the 
larger plants. ()p(‘rating costs ran between $10 and $1(), or even higher, 
per million gallons of water filtennl. The first cost (^f slow sand filters 
varied between $45,000 and $ UK),000 per million gallons daily capacity 
with operating costs varying between about $5 and $12 per million gallons 
filtered. Tlu'se costs are based on data presented by G. A. Johnson in 
the Journal of the American Water Works Association, \o\. 1, page 69, 
1914, and are corrected to 1937 by an index of 2.0, together with supple¬ 
mental published cost data.' 

639. The Parts of a Slow Sand Filtration Plant. The parts of an 
ordinary slow sand filtration plant may include some or all of the follow¬ 
ing, named in the order in which the water to be treated passes through 
them: 

1. Intake and coarse screen. 

2. Dt'vicos for placing water at the neceshary elevation. These may be pumps or 
gravity conduits. 

3. Plain sedimentation basin. 

^ See also Water Quality and Treatment,” Manual American Water Works 
Association, 1940, p. 199. 
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4 Filter. 

5. Clear-\\ ater storage basin. 

The course of water through a slow sand filter plant is sho>\n in Fig. 
229, and a plan and section through such a plant are shown in Fig. 230. 
The principal appurtenances of a slo\\ sand filter plant which arc not 
connected to any of the foregoing parts of the plant are the sand-storage 
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I TO. 230 —Plan and section of a slow sand filter. (From Eng Record, Vol 47, pp 318, 30f» ) 
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and the sand-washing equipment. Water purification plants operating 
on the slow sand principle may include other steps in the treatment pf the 
water, such as aeration, chlorination, and removal of algae, but these are 
not, strictly speaking, a part of a slow sand filter plant. It is to be noted 
that in an ordinary slow sand filter plant no provision is made for the 
addition of any chemical and that no coagulation is required. 

The coarse screen placed at the intake to remove large floating and 
suspended matter is a protection to the pumps, conduits, and filters. 
The sedimentation basin is used to prepare the water going on the filter by 
removing settleable matter which Avould otherwise clog the surface of the 
filter. The filter removes suspended matter and bacteria and alters the 
colloidal and dissolved constituents of the water to such an extent as to 
render it potable. The purpose of the dear-water storage basin is to care 
for fluctuations in demand during the day or season, in order that the 
filters may operate at a constant rate. 

640. Results of Slow Sand Filtration. The principal purpose of a 
slow sand filter is to remove bacteria from water. Slow sand filters are 
highly efficient in this accomplishment, being reliable, wdien not over¬ 
loaded, for the removal of 98 to 99 per cent of the bacteria in the raw^ 
water. They will also remove suspended and settleable matter not 
removed in the sedimentation basin, and they will have some beneficial 
effect on odors and tastes, particularly when due to algae or suspended 
matter. It is possif)le that they may, under favorable circumstances, 
have some slight effect in the reduction of color. They are not highly 
efficient in the removal of colloidal matter. 

Although the removal of 98 to 99 per cent of the bacterial content of a 
raw w^ater is desirable, it may be insufficient to prevent the passage of 
pathogenic bacteria so as to assure complete safety against water-borne 
disease. Absolute safety can be secured by filtration followed by 
sterilization. 

641. Details of a Slow Sand Filter. A slow^ sand filter consists of a 
watertight basin containing a layer of sand 3 to 5 ft. thick, supported on a 
layer of gravel of 6 to 12 in. thick, somewhat as illustrated in Fig. 231, 
The gravel is underlaid by a system of open-joint underdrains, placed 10 
to 20 ft. apart on centers, w hich lead the w^ater to a single point of outlet 
where a device is located to control the rate of flow through the filter. 

''rhe size of the sand is specified in terms of its effective size and its 
uniformity coefficient, as defined in Sec. 74. In general, an effective size 
of 0.35 mm. and a uniformity coefficient of about 1.75 have been found to 
give satisfaction in slow^ sand filters. 

In the operation of a new- sand filter the entire filter is filled with water 
to a depth of 3 to 5 ft. above the surface of the sand, as indicated in Fig. 
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231. The water is filtered through the sand at a rate of about 2 5 to 7 5 
million gal per day per acre of filter suiface, a\eraging about 3 0 million 
gal per day per acre in most plants This rate is continued until the 
difference bet^^een the i\atei level on the filter and in the outlet chamber 
IS slightly less than the depth of watei abo^ e the sand This difference 
beti\een the water levels is known as the “loss of head ” When it has 
reached its peimissible limit, the filter is tin own out of seivice, about an 



1 i(jr 261 —Diagram to show possibihl's of tit m hipmeiit of nogiitivc htud in i slow sand 

filtt r 


inth of sand is sot apod fioin the toj) of tlu bod, and tho filtoi is pui bac k 
into service. The loss of lioad bolou (loaiiinp; is s(*ldom allow od to o\( ood 
the depth of water over the surlafo of the sand, and altei deaniiifi, it mav 
be expected to be about t) in A normal period of opeiation between 
(leanings should be 2 to 3 months or longer 

542. The Parts of a Rapid Sand Filter. "J'he parts of a rapid sand 
hlter of the gravity type, stated in the order in which the water passes 
through them, aie as follows. 

1 The intake and raw-wat( r pump or grivity (onduit 

2 The plain s( dinu ntation basin, if ont is us( d 

3 The mixing h isin or otlu r d( mc ( s for (onditioning the water 

4 The coagulating b isin in whu h the (oagulant is allow < d to pn (ipit it( 

5 Th( filter 

6 The (lear-watf r basin 
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The path of the water through a typical rapid sand filter plant 
is shown diagrammatically in Fig. 232. A general plan of a rapid sand 
filter plant is illustrated in Fig. 233. 

Other essential parts of a plant include the chemical handling and 
storage equipment; the laboratory; the control building, or head house, 
and the operating gallery; the wash-water and wash-air equipment; the 
pipe gallery, the pumping and blowing equipment; and the various 
appurtenances in connection with the operation of this e(}uipment. The 
chemical equipment in(*ludes the room for receiving and storing the 
chemicals, the solution storage tanks, and the mixing and feed devices. 
Solution storage tanks are not required when dry-feed apparatus is 
provided. 



Fia. 232.—Diagram showing ooiirso of water through a rapid sand filter plant. 


Plain sedimentation without coagulation preceding filtration through 
a rapid sand filter is unusual. The chemical mixing devices and the 
coagulating basin are essential parts of the plant and can be dispensed 
with only under unusual circumstances, as, for example, when the filter 
is used as a roughing filter or for treatment preceding slow sand filtration. 
The use of a coagulant to form artificial schmutzdeckc is essential to the 
operation of a rapid sand filter. The treatment of water preliminary to 
filtration is n ceiving much attention in the design and operation of rapid 
sand filter plants.^ 

643. Design of a Rapid Sand Filter Plant. Ilie design of a rapid sand 
filter plant involves the exercise of judgment based on an investigation of 
local conditions and the amount of purification desired. Such an 
investigation may involve the operation of a testing plant to study the 
effect of various forms of water treatment. Before intelligent design can 
be begun, an investigation should be made upon w^hich the decision to 
construct a plant, and some details of design, are based. 

^See also Dixon, G. G., “New Water Plant Stresses Pretreatment,^' Eng. News- 
Record^ Mar. 30, 1933, p. 395. 
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After the capacity of the plant has been determined and the site has 
been selected, the first step is usually the sketching of the general plan. 
Although these sketches may be among the first drawings made, the 
finished general plan may be the last drawing completed because of 
changes made in the component parts during the design. The general 
plan of the plant at Denver, Colo., is shown in Fig. 23e3. Tt is to be 
noted that the plan shows the topography and other surface features of 
the site. Sketches are made of the parts of the plant that are to occupy 
the site, or pieces of paper are cut out to scale to represent these parts. 
They are then moved about on the plan until a suitable anangement has 
been found. 

Features to be considered in the layout of a rapid sand filt('r plant 
include the following: 

1. lOconoiny in construction and in operation. 

2. Future extensions. 

3. Foundation conditions. 

4. Interior and ext(*rior appearance. 

5. Flexibility in operation. 

6. (\)inpactneHS and convenience to niiniinize mati'rials i(‘(iuir(*d, ininiinizc* head 
losses, and simplify oiieration. 

7. Utilization of topography to minimize excavation and backhlling, and to make 
use of gravity in operation. 

A summary of design and operating data of 5(> rapid sand filter plants 
in the United States and C’anada is presentt'd by K. A. ITardin.^ 

644. Plans and Specifications. Plans and specifications may be 
either^ (1) briefly descriptive, indicating the type of plant retjuired, its 
capacity, location, etc.; or (2) detailed and complete, covering in minute 
detail the (piality and quantity of materials to be included, the quality of 
workmanship re(iuir(*d, and the exact type and character of every item. 
The latter type of i)lan and specifications is in more general use. It is the 
typ(‘ prepared by a competent engineer in the best interests of his client to 
secure a satisfactory plant at the least possible cost. 

646. Capacity of Plant. "Jlie capacity of a rapid sand filter plant 
depends on the average rate of demand, the fluctuations in the rate of 
demand, and the clear-’water storage provided. It may be as great as tlie 
maximum peak demand load, where no dear-water storage is provided, or 
as small as the average rate of demand, wdiere the clear-water storage is 
sufficient to care for all fluctuations in demand. The economical filter 
capacities and the amount of dear-water storage to be provided lie 
between these two extremes. The economical capacities can be deter- 

^Jour. A.W.W.A.f Dcrembcr, 1942, p. 1847. 

* Stanley, W. E., “Specifications for Filter Construction,’^ Jour, AAV.W.A., 
1933, p. 105. 
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mined only by a study of the costs of various complete designs using 
different capacities. 

The ratio of plant capacity to average pumpage will differ greatly 
among cities.’ The ratio appears to be generally more than 2, and it has 
been found to be as high as 3.2. Largo cities will as a rule, have a 
smaller ratio than smaller cities. In very small plants it may be econom¬ 
ical, on account of operating conditions, to operate the plant but a few 
hours a day, thus nece.ssitating considerable overcapacity of filter plant 
and reserve storage capacity. C'onsideration must also be gi\en to 
safely in the event of partial shutdown, fire reserve, and other local 
conditions that may affect the plant opi'ration. 



Fig 234 —Rapid sand filter plant, lort Wayne, Ind. {Courlih// of L li Mathfws ) 


646. Filter Buildings. The filter building should he of pleusing design 
and should be surrounded by attractive grounds. The (*\t(»rior of the 
building at Fort Wayne, Ind., is slumn in Fig. 231. The architecture is 
pleasing, and the grounds are attractive. Such structures an^ recpiired to 
increase the confidence of the public in the (juality of the \\at(*r delivered 
by the filter plant and in the ability of the \\ater\vorks officials. The 
public, not acquainted A\ith the technical it ie\s of water purification, is 
likely to judge the (jiiality of the water as much from the atipearance of 
the plant, both inside and out, as from the appearance and taste of the 
^vater. It will be difficult to convince the public that excellent water ean 
be delivered from filters in wooden tubs located within an unsightly shed 

1 Morrill, A. B , “Ttio Kcononuc Capacity of Filters and Filtor(*d Water Stor¬ 
age,” Joyr. A.W,W.A., V^ol 16, p. 582, 1926. 
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and surrounded by belching smokestacks and piles of rubbish. Service to 
the public is of value. This service can be rendered more easily and the 
public support better assured by the erection of an attractive structure. 
The interior of a filter house should include the following: 

Laboratory. 

Office. 

Chemical storage room. 

Ttoom for the chemical mixing and feed devices. 

Operating gallery. 

Filters. 

Pump and blower room and other spc'cial equipment. 



Fui 235 -lutcrioi of filter building at tlaminoiid, Ind (( ourUsy of Paul nnns(7i ) 

The interior of the filter house at Hammond, Ind., is shown in Fig. 
235. This plant has been arranged for the convenience of the operator; 
each room needing outside light is well illuminated; the chemical storage 
room is large, well ventilated, and dry; the chemicals can be brought into 
the building with ease; and the interior of the building is pleasing to the 
eye. White is desirable for interior decoration, as it impresses the 
visitor favorably and improves the morale of the operating personnel. 

The T-shaped plan for a filter building is satisfactory where local 
conditions will permit. The front portion of two to three stories con¬ 
tains the laboratory, offices, chemical-storage and preparation rooms, and 
the pump room, if one is required. The shaft of the T is one or two 
stories and contains the pipe gallery, the operating floor, and the filters. 
This portion of the building does not always extend to full height over the 
entire length of the filter. The outside walls of the second story of 
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the building may be supported about one-third to one-half way from the 
operating gallery to the back of the filter at such a distance that the 
operator, standing on the floor of the operating gallery, can see the edge of 
the wall to the water surface at the back of the filter. This is illustrated 
in Fig. 23G, which shows a cross section of the plant at Meriden, (^onn. 
Expense is saved by including only a portion of the filter within the 
building. The portion of the filters outside the building is covereil with a 
flat concrete slab, which serves to protect the filters from pollution and 
also as a place to store sand temporarily removed from the filter. To 


£ PJy grave/roof 


Top of wash trough 



t/ioso 




Manify/d 

Pipe 

£/92j) 


'10\/ 20" ' Clear we//connect/ons'^ 

Wash discharge [((wash 

Fii.. 236.—Section throuf?h rapid .sand filtration plajit at MciidtMi, C’onn. 

or/iiS, Jcnuaij/, 1027, p. t50S.) 


(From Water 


provide for this desirable feature, gcuuMous openings, covered with 
substiintial iron cov(m*s made tight against rain water, should be provided 
in th(* concrete cov(‘r. 

Excellent interior ligliting is important for the sake of appearance and 
to promote cleanliness. It is essential over the filter to permit jn'oiier 
operation. In some r(*cent plants, skylights over the filter units have 
greatly improved the daytime illumination. Condensation on the 
interior walls of the filter building may Ix^ minimized by avoiding air 
movements over the surface of the filters and by the installation of insula¬ 
tion at the roof. The cost of the insulation may be mor(‘ than repaid 
by the saving of fuel. Unit heaters in filter plants are conducive to 
condensation of water and should be avoided. 

Filter buildings re(iuire more heat than is needed by most buildings 
because of the high heat losses within the building, through the outside 
walls and roof, and absorbed by the water being treated. It is essential 
that the temperature be kept above freezing, particularly around small 
pipes controlling the hydraulic valves and other equipment. (Comfort¬ 
able temperatures must, of course, be maintained in the laboratory, office, 
and operator’s rooms. 
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Chemical handling, storage, and feed devices, the laboratory, and 
other features in connection with the chemical control of the plant should 
be placed in close proximity to each other within the filter building, both 
for the convenience of the operator and to assure uninterrupted operation 
at lower costs. The floor plan of a chemical house at Defiance, Ohio, 
which embodies these features, is illustrated in Fig. 237. 

It is desirable to include a ''sight” well by which visitors may observe 
the clarity of the purified water by seeing an illuminated scale submerged, 
vertically, in a well lined with glazed white tile. If feasible, the raAv 



Fkj. 287. Floor plan <3f ohoniical house at Defiance, Ohio. {From Jour. A.W.W.A.^ Vol. 7, 

/>. 44r>.)» 


water and the clear water may be passed thioiigh contiguous wells to 
emphasize before-aiul-aft( m- effects. 

647. The Filter. Rapid sand filters of the gravity type, of recent 
design, consist of a rectangular box made of concrete, containing a system 
of underdrains placed on the bottom of the box. dlie underdrains are 
covered with a layer of gravel on top of wliich a layer of sand, z.c., the 
filtering material, is placed. Some distance above the surface of the sand 
are one or more troughs used to take away the dirty water resulting from 
the washing of the filtering material. 

A perspective drawing of a rapid sand filter unit is shown in Fig. 238. 
Among the important parts of a rapid sand filter unit which are to be 
determined in design are the following; 

1. The capacity of the filter unit. 

2. Th<' k'ligth find width of the filti'r unit. 

3. The arrangement and dimensions of the wash-water gutters. 

4. The filtering material. 

5. The underdrainage system, 

6- The depth of the filter box. 
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648. Rate of Filtration. The standard rate of filtration through rapid 
sand filters, which has been adopted as a result of experience, i,s 125 
million gal. per day per acre of filter surface. This is equi\alent to the 
filtering of 2 g.p.m. per sq. ft. or to the passing of a depth of 384 ft. of 
water daily through the filter. Practice is tending to^\ard higher rates of 
filtration in conjunction with the use of coarser filtering material. At 
Detroit a nominal rate of 180 m.g.d. pei acre was adopted in the design 
of the filters. At Chicago* rates of 250 m.g.d. per acre are being used 



1 i(» 238 Perspective drawing of a 2,000,000-gal concrete lapid sand filler unit 
Inside dimensions ,30 ft bv 26 ft 6 in Sand area, 738 sq ft. {Aria pt id from uiatnllnUon at 


Evanston, III , February, 1014 Ilhnoib SlaU l^atei Sunuy ) 


bucceshfully, the adoption of .sucli rat os being made possildc* by the typo of 
preliminary treatment and the filtering sand employed. 

Baylis- has made an extended study of the r(‘lation bet\\(H*n the 
rate of filtration and the time the filter runs between washings and has 
formulated it as 


where H = hours of filter operation 

K = a constant depending on clogging tendency of the water 
M = rate of filtration, gal. per sq. ft per min. 

Values of K, computed from Ba^lis’s report,“ varied between 52 and 90. 

1 “High-rate Water Filtration Meeting Practical Tests at ("hicago/* Eng. Neivu- 
Hecord^ July 10, 1947, p 110. 

* Baylis, J. R , ‘‘Experiences in Filtration,” Jour A W W A , July, 1937, pp. 1010 
and 1044. 
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The initial loss of head increases also as the rate of filtration increases, and 
there is slight depreciation in the quality of the effluent, '^though not 
enough to he serious.” 

649. Capacity of Filter Unit. Rapid sand filter units, of the gravity 
type, can be built of any convenient nominal capacity, but it has been 
general practice to construct them in some even multiple or fraction of 
1 m.g.d. capacity. Units with capacities of 5 m.g.d. are among the 
laigest that have been constructed. 

No filter plant liandling water for domestic consumption should have 
less than three units, in order that when one unit is out of service the 
others may carry on \\ithout dangerous overload, llie smaller the 
number of units, the fewer the appurteiiancc^s but the larger the Avash- 
water eejuipment that will be re(|uired. 



Fkj. 239. DinKratiiH .showing arruiiKCMnoiits of wa.sh-water Rutters in rapid sand filters. 

660. Length and Width of the Filter Unit. It is (*ustomarv to make 
the l(*ngth of rectangular filt(u* boxes greater* than the \Nidth because of 
greater economy in tlu* utilization of space and in the layout of the piping. 
Economy and conveni(‘nc(^ are the only two criteria that fix th(' relation 
bet wet'll th('se two dirntaisions; these' criteria, in turn, dept'iid on local 
conditions and the layout of the nlant. As a guide to general ])ractic(' it 
will be found on investigation of existing plants that where filters are 
located on both sidt's of a pipe gallery the ratio of length to width of a 
filter box lies lietw^en l.tit) and 1.11, averaging about 1.25 to 1.33. 

661. Wash-water Gutters, ^lat('rials used for wash-water gutters 
include concrete, w rought iron or steel, cast iron, aluminum, monel metal, 
and occasionally wood. 

\’arious arrangenu'nts of wash-water gutters are shown in Fig. 239. 
It is a g('neral rule of good practice that the horizontal travel of dirty 
wati'r being washed from the filter shall preferably be less than 3 ft. before 
reaching a gutter. For this reason the distance from edge to edge of 
wash-water gutt(‘rs should not ex(*eed 0 ft., and preferably less than 4^^ 
ft. In Fig. 23t)A the arrangenn'iit is suitable only for the smallest filters, 
which are not ov(m- (i ft. in width. Figure 239R shows an arrangenumt 
suitable for somew hat larger filters. Figure 239(7 is a modification of this 
layout in which some of the w ash-water gutters are placed against the side 
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walls of the filter. This is not considered good practice because of the 
loss of the use of one side of the wash-water gutter which is placed against 
the filter wall. The arrangement in Fig. 239D is suitable for and is used 
in the large filters. It consists of a central gutter extending through the 
length and the entire depth of the tilter, separating it into two almost 
independent parts. Each of the lateral gutters empties into this deep 
central gutter. No water is taken over the edge of the central gutter. 

The upper edge of the wash-water gutter should he placed suiliciently 
near to the surface of the sand so that a large (plantity of dirty water is 
not left in the filter aftc^r the comph'tion of washing. At tin* same time 
tlie edge of the wash-water gutter should he placed suiliciently far above 
the surface of the sand so tliat sand will not be washed into the gutter. 




ilie edge of the trough should be slightly above the higlmst (icwation of 
the sand as expandc'd in washing. Where this height cannot be deter¬ 
mined by test, a conv(*ni('nt rule is to plac(‘ th(‘ ('dge of the gutter as far 
above the surface of tlu* undisturbcHl sand surface as the wash-N\at(T rises 
in 1 min. Air and water should not be applied simultaiu'ously with such 
gutter h(ights. The gutter should be large (Plough to carry all the water 
delivered to it with at l(*ast 3 in. b('twe('n the surfa(*e of the water flowing 
in the gutter and the* upper edge of the gutt(*r. ()th(*rwise the gutter 
iiecomes submerged, reducing the efficacy of tin* wash. The gutt(*r may 
be made with the same cross s(»ction throughoiit its l(‘ngth, or it may be 
constructed with a varying cross section, increasing in size toward th(' 
outlei (*nd. The bottom of the gutt(*r should cl(*ar the top of the sand l)y 
2 in. or more. It is not always (economical to construct gutt(ers with 
uniform cross section, b(*cause saving may be p()ssit)le when the bottom of 
the gutter is slopc'd so that the front pcntion is d(eep(‘r than the rear. 
S(ecti(jns of wash-water gutters are showm in Figs. 238 and 210. 

In the determination of the dimensions of wash-water gutters, 
various meth(jds involving c(*rtain assumptions of the hydraulics of the 
gutters are in use. A satisfactory method is illustrat(*d in Fig. 241. 
Another method for the d(*sign of a gutter is presented by Stein.^ 

j Jour A WW A , Vol 13, p 411, 1925. 
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662. Quality of Filtering Materials. Sand is used extensively as a 
filtering material because of its availability, its relatively low cost, and the 
satisfactory experientie that it has gi\'en. Other filtering materials that 
have been used at a few plants include crushed anthracite, glass, and 
proprietary products. Tentative standard specifications for filtering 


In. Ft. Ff. In 



Kio. 241.— l^iaRrain for the doHiKii of wash-wator gutterH. (From Eng. News-Record, VoL 

90, /i. SS2, 192;i.) 

To iiw’ tliiM tliiinraiu for tho dosmu of u \Mihh-wutfr IrouKh, the requiroil eupiioitv and the width of 
the tro\iKh must t»e kn(»WM. If the trouirh is not reitanKular m eioss seetum, a trouRh of equal rec¬ 
tangular urea must he computed, and this lat< r duingetl to the desired .shape. With the (li^chargo 
from the trough Q and the tireailth <»f the trough 6 Iviiown, determine z from the diagram Tlie depth 
<»f the wilier at the upper^Mul is next ueteriuineil from the expression y, = z ~ J^S in which L is 
the length of the trough.and .S is tin* slope of the hottom of the trough. The dejith of water at the 
lower end of the trough yt us e<puil to ^.,{,71 + LS). 

materials have been piil)lishe(l.' The principal advantages claimed for 
anthracite coal over sand arc* that lower hackwashing velocity is recjuircd 
because of the lower specific gravity of coal and the greater porosity of 
coal gives more effective filtration. Tests made by Uaylis-' to compare 

^Journal American Water Worka Association^ April, 1943, p. 457. 

® Haylis, J. R., “A Study of Filtoring Matorials for Rapid Sand Kilt(*rs,” Water 
Works Ar Sewerage, October, 1934, p. 35*2. 
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the effectiveness of the various materials showed marked increase in 
filter runs resulting from the use of sand substitutes. ^ 

663. Size and Depth of Filtering Material. The filtering material in a 
rapid sand filter usually consists of 24 to 30 in. of sand. Since little or no 
filtering action penetrates as much as 0 in. into a sand bed, practice is 
tending toward the use of thinner beds than 30 in. In general, the sand 
should be of such a size as to hold a large (plant ity of floe willuMit per¬ 
mitting its passage through the filter and without incn'asing the difficul¬ 
ties of washing; it should permit long filter runs; and when washed it 
should cleanse itself so as to be free from adhering particles without 
reciuiring a velocity of wash water so high as to carry away particles of 
sand. Some of these recpiirements are mutually inconsistent. For 
example, fine sand will prevent the passage of floe and will deliver a good 
quality of effluent but will n^duce the length of the filler run and may 
make washing difficult, w^hereas coarse sand will do the reverse. A sand 
layer made up of small-size grains will expand further when being washed 
than one consisting of large-size grains subjected to the same rate of 
w’ashing. As the finer grains hecom(» mon^ widely separated, their 
tendency to strike (‘ach othc'r is lessened, and tlu^ difficulty of cleansing is 
increased. On the other hand, the larg(w the sand grains, the giTater the 
force with wiiich they will strike together and tlie (*asi*T it will be to k('ep 
the bed ck^an. With coarser sand, filters can l)e run longer betwcMUi 
washings, they can be washed ck^aner, the number and size of mud 
deposits will be gr(»atly rcnluced, and it will not be n(M‘(\ssary to nunove 
and wash the sand as often. IIowevcT, if sand becomes too coars(‘ the 
efficiency of bactcTial removal diminishes. Filter IkhIs of coarse sand 
should be deeper than those of fine sand, and the rate of rise of wash 
w'ater should be greater for (Mjual effcKis in filter washing, iiie designer 
must decide on the most advantageous combination of conditions and 
select the filtering material accordingly. 

The effective size of sand (Hazen’s) ordinarily used is betwe^en 0.40 
and 0.55 mm., wdth a uniformity coefficient not greater than 1.8.^ Vari¬ 
ations are found in practice between 0.3 and O.O mm., with a tendency 
toward the adoption of larger sizes. Successful aiiplication of filtration 

' Turner and Scoti’, Accounting for Anth^acitc^s Superiority to Sand as a Filter 
Medium,” Water Works Siwerage^ April, 1933, p 135, and Sej)t('Tnber, 1933, p 330; 
Hoover, C. P., ‘^Experience with Anthracite Coal,” Water Works ct Sewerage^ 
November, 1933, p 394, TiRNERaiid Yoi no, “Attrition 1/)ss of Anthracite,” Water 
Works & Sewerage^ July? 1933, p. 346; Ripcle, O. J., “ Eviieriences with Anthracite as 
a Filtering Material,” Water Works tSc Sewerage, Vol. 83, p 255, 1930; Turner, H (J., 
“Anthrafilt and Its Significance,” Jour. A.W W.A., April, 1944, p. 431. 

* Committee Report, “Filter Sand for Water Purification Practice,” Proe. A.S.C.K., 
Vol. 62, p 1543, 1936. 
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rates double the standard rate. At Chicago^ successful use of greatly 
increased filtration rates is attributed, in part, to the specifications of 
filter sand. It has been shown by Chicago experience that the expression 
of size in terms of Ilazen’s effective size is not suited to the high rates in 
use there. The term per cent mze is used, that being the size of particle 
that has the stated per cent, by weight, of materials finer in size. (Chi¬ 
cago’s filter-sand specifications and a typical size distribution of samples 
of sand are shown in Fig. 242. Uniformity of size is desirable because of 



Per cent pcissing 

Fi<i. 242. (inipti hliowiiiK ChicaKo’h filter sand specifications and a iy pical size distrihution 
ot samples of sand obtained. 


the tendency of sand grains to group in strata of similar sizes due to th(‘ 
action of the* wash water. A stratum of fine material beiu'ath a stratum 
of coarse material may caus(‘ cloggiitg within th(‘ filter, and a stratum of 
coarse material l)eneath a stratum of fine material may result in a reduc¬ 
tion of pressure* w ithin thefiltersufficient toreh*asedissolvedgas(*s, causing 
either “air binding” ora ‘‘blow” that will break through the filter surface. 

664. Filter Gravel. Graved is placenl between the sand and the 
underdrainage system (1) to prevemt sand from entering the* unde*rdrains 
and (2) to aiel in uniform distribution of the wash water. The size and 
depth e)f the gravel shemld accemiplish bedh purpe)ses without being dis- 
placeel by the rising wash water. The gravel is usually graeled from 
coarser size's at the bottejm to firmr size's at the top. Sizes in use vary 
from I ^ 2 ‘d fhe bottom to J,s in. at the top of the graved layer,- with 

^ Se'e* ‘‘High-nite* Water Filtration Mc'e'ting Practical Tests at C^hicago,” Eng. 
News-Record, duly 10, 1047, p. 110. 

* See also H\rkeh, S. T., and H. F. FERc.rsoN, ‘‘Water IMritieation Plant Design 
and Operation,” Jour. A.IlMF./l., Vol. 13, pp. 150 and 154, 1925. 
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depths of gravel between 9 and 18 in. The faster the rate of application 
of wash water, the larger the gravel size recpiired and the deeper the bed. 
In some plants^ metal screens have been fastened between the gravel and 
the sand to prevent movement of the gravel. 

665. Underdrainage Systems.^ Filter iinderdrains are used also to 
distribute the wash water uniformly beneath the bed. They should he 
strong enough to withstand the sudden 
vibrations of water pressure put upon them. 

The best distribution of wash water is ob¬ 
tained when the loss of head in the distril)- 
uting pipes is relatively low in comparison 
with the loss through the strainer or pipe 
perforations. Types of underdrains in use 
include ( 1 ) perforated pipes, ( 2 ) pipe and 
strainers, ( 8 ) ridge and valley, and (*4) 
perforated plates or other false bottoms. 

666 . Perforated-pipe Underdrains. A 
perforated-pipe underdrain, such as is illus¬ 
trated in Fig. 243, consists of a central 
manifold to wliich are attached a seri(\‘> of branch pipes. C’ast iron is most 
commonly used for manifold and laterals. Holes an bored in tht‘lower 
portion of the branch pipes, somewhat as indicated in Fig. 243. 'Hie 
holes are located so that the wash watia* is dire(*ted downward at an angle 
between 30 and 00 deg. with the vcTtical. Kiosion or corrosion of the 
metal around tliese holes may be minimized by lining tin* holes with a 
brass or bronze bushing. It has been customary to place tin* branch 
pipes on 0 - to 12 -in. centers, the larg(»r distance being preferr(‘d, w ith * 4 -in. 
to ^ 2 "hi.-diameter holes plac(*d on 3- to 8 -in. cimters along the pipe. The 
smaller the spacing the smaller the individual holes. In some successful 
d(*signs there are two or more manifolds int(‘rconnect(‘d by branch pipes. 

As a guide to satisfactory design the following principles, attributed to 
Jenks and Ellms, * may be used '^ 

‘ Soo also Lvuoon, .J. F., ‘^Now Features of Dt'sign to Iiniaove Plant Operation,’^ 
Kng. \( ws-R/'cord, St'pt. 13, 1934 p. 330. 

2 A Syinposiiiin, “Filter Fnderdrain, Sand-bed, and Wash-water Kxpc*ri(‘nee,“ 
Eng. Ncivs-Rtrord, Vol. 85, pp. 934 and 984, 1920; and Vol. 80, |). 371, 1920. 

3 See also Si’iiMcrr, T). A., and P. (). .Macqi ken, “Perforated Pipe Iinderdrains 
for Rapid Sand Filters,” Jour. A.W.W.A .j .June, 1942, p. 857. 

^ See also .Jenks, H. N., “Filter Design as Related to Operation,” Jour. A. JF. W.A 
Vol. 28, p. 1541, 1930; and Ellms, J. W., “Design of Perforated Pipe Strainer Sys¬ 
tems,” Jour. A.W.W.A., Vol. 18, p. 604, 1927. 

See also Schmitt, E. A., and P. O. Macqceen, “Perforated Pipe thiderdrains 
for Rapid Sand Filters,” Jour. A.W.W.A., June, 1942, p. 857. 



Fig. 243. -Perforated uiiderdiam 
pipe 
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1. The ratio of length of lateral to its diameter should not exceed 60. 

2. Tlie diameter of perforations in the laterals should be between 34 and in. 

3. The spacing of the pc'rforat ions along the lateral may vary from 3 in. for a 
diameter of p<Tforation of ^4 in., to 8 in. for a diameter of perforations of 3 l 2 in. 

4. llie ratio of the total area of the perforations in the underdrainage system to 
the total cross-sectional area of the laterals should not exceed 0.5 for a diamet(‘r of per¬ 
foration of ^<4 in., and should decrease to 0.25 for a diameter of perforation of in. 

5. T1h‘ ratio of the total area of the perforations in the underdrainage system to 
th(» entire* filter area may be as low as 0.002. 

6. The sf)acing of the* late*rals may be as gre*at as 12 in. for satisfactory diffusion 
but is limited by the total he*ad available. 

7. The rate* of washing may be varie*d from 6 to 36 in. p(*r min. provieled the fore*- 
going factors are iis(*d in d(‘sign. 

8. The sum e)f the* cross-se*ctie)nal areas of the late*rals should be at least twice the 
sum of the* e*re)Hs-seetie)nal areas e)f the i)erfe)rations in the Integrals. 

9. The* an*a of tlie* manife)lci fe*e‘eling the late*rals slmuld be 1.75 to 2.00 time's the 
sum e)f the* cross-se*e*tie)nal arenas ejf the laterals which are fed in the washing pre)cess. 



I ui. 244. rip«*-and-htreiiiier hyhteiii e>f underdraiiih. {Courttsy of American Waltt i^ofttmr 

Co.) 


The principles upon which llic number and size of openings in per¬ 
forated pipe underdrains arc* d(*terinined are eeiually applicable to other 
systems of underdniinage. 

667. Pipe-and-strainer Underdrains. This type of underdrainage 
system is similar to the i)erforateei-pipe system, except that strainers, with 
small openings or perforations, somewhat as shown in Fig. 245, are 
inserted into the laterals at convenient distances. This is the first type of 
underdrain that was used in rapid sand filters. It is now most commonly 
used for small filters, but it is being superseded to some extent even in 
that field by perforated pipe underdrains. 

This type of underdrainage system consists of a central manifold with 
laterals on approximately (i-in. centers. Strainers, usually made of brass, 
are inserted into the lop of the laterals, and sometimes into the top of the 
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manifold, on 6-in. centers. It is desirable, but sometimes difficult, to 
place all strainers at the same elevation. 



ruj. 245. Typos of strainer heads. {Courtesy of American Water Softener Co.) 


Dead space lieneath the strainers may be avoided by filling beneath 
the strainers with l(*an easily removable eonende. Tfie openings in the 
strainers should 1)(‘ small in order to provide good wash-water distribution. 
For the same n'ason the cross-sectional 
ar(‘a of each lateral should lie more than 
1 wo to four tini(*s tlie area of the hol(*s in the 
strainers on the lat<‘ral, and the area of 
th(‘ manifold should have more than twice 
the cross-sectional ar(‘a of tlu* laterals on it. 

668. Ridge-and-valleyUnderdrains. 

'Fhe iidg(‘-and-valley underdraiiiage system 
has be(ai used in large filter units because 
of the smaller expense in connection with 
its construction and the satisfactory results 
obtained from it. The system consists of 
ridges of concrede placed on centers from 8 
to 12 in. apart. A perforated brass screen 
is supported between these ridges about 4 
in. above the bottom of the filter. The space under the screen serves as 
the channel through which the water is to flow, and the perforated brass 
screen serves as the strainer. The size and number of hol(\s in the st rainer 
plates are determined on the same principles as for the pipe-and-strainer 
system of underdrainage, and the velocity of flow of wash water is designed 
similarly. 



I'lfj. 240.—Section throiiKii 
concrete ridKO-and-valley under- 
drain at KvauHton, Ill. 
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Care must be taken in fastening the brass strainer plates securely in 
place, as the pressure of the wash water sometimes displaces them. A 
successful design is shown in Fig. 240. 

569. Miscellaneous Underdrainage Systems. Other types of under¬ 
drainage systems that have been used with reported success include the 
VVhe(4er filter bottom,* an arrangement consisting of conical or pyramidal 
openings in a concrete bottom, with tlie point of the cone or pyramid 
down. No strainer is used, but the pyramidal openings are filled with 
heavy balls varying in diameter from 3 to 1.2 in. "Phese balls are care¬ 
fully plac(‘d in the pyramid to secure the least voids. 

An underdrainag(* system of wood was u.sed al Sacramento, Calif.,2 as 
W(;ll as a cem(‘n1-grav(‘l slab with vitrified-clay pipe underdrainage 
system.^ Other systems have* been us(*d, as, for example, the false bottom 
of perforat(*d plates at Jattle Falls, N.J., the nonmetal system of F. J3. 
Leopold Co.,'* and a system of porous plates, such as the Aloxite plates 
mamifiictured by the Carliorundum Co.*’ Experience at Warren, Ohio,** 
where both rnanibjld and strainers and false-bottom underdrains were 
usc^d favored the false bottom with umbrella-type strainers. 

A drainage syst('in plaecsl immediately b(‘low the surface of the sand, 
to suppl(‘m(*nt th(* underdrainage system i)lac(*d at the bottom of the 
filter bed, was inlrodiie(‘d b^^ Ira II. JewelF in 1937. I'he strainer system 
consists of a manifold with laterals and outlets placed 12 to 15 in. on 
centcMs. Th(‘ outlets are surrounded by fine screens, placed about 6 in. 
below the sand surface. In the Kenilworth plant there are 110 screens on 
a unit of 500,000 gal. per day. The results reported from the operation 
of the Kenilworth ])lant show that the device permits an increase in the 
rate of filtration and gr(‘atly imt)roves the washing of the filter. 

660. Air Distribution. In filters using air for washing, the strainer 
syst(*m must, l)e adaptetl to the use of air, or a special air-distributing 
syst(‘m must be provided. The pi])es and manifold of this system arc 

^ Hc'c also W’ssTON, K. S., “The Wh(‘eler Filter IVittoin,” Eng. News-Record^ 
Vol. 72, p. 22, 1914. 

2 See iilso Jk.vks, 11. N., “lOxjieriejiee with Wood (Initial i^* Saeniineiito Filters,” 
with tli.seussion, Eng. .V«//w-AVe., Vol. 94, pp. (>31 and 1002. 1925. 

•' See jdso Jexks, H. X., “A (Vniented (Jravel Slab Vitrified-ehiy Pipe Distribution 
Systc’in for Itapid Siind Filters,’’ Jour. 4.IF.IF.4., Vol. 10, p. 542, 1920. 

‘ Sc*(* idso llowAKP, N. J., “WalcT Supply and Puritieation during 1932,” IFa^er 
Work» S' Svireragc, Jtiiuuiry, 1933, p. 1. 

•* St*e also C’amp, T. H., “Porous Plates for Use in Filter Bottoms,” Jour. Neu' 
Engl. Watvr Works 4^^ser., Aliireli, 1935, p. 10; and Water Works <t* Sewerage, March, 
1<)37, p. 84. 

O’UoNNOR, P. J., 12th Ann. Rept., Ohio Conference on Water Purification, 1932. 

’.Ikwki.u, Ira H., “Inerensing Filter (^apaeity by Subsurface Filter and Wash 
Units,” lF#f/#7* Works Eng., Feb. 2, 1938, p. 159. 
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placed immediately above the pipes of the water underdraiiiage system 
in such a manner as to interfere as little as possible with the water 
strainers. The design of a separate air-distributing systc'in follows 
principles similar to those followed in the design of the pipe-aiul-stminer 
system for water. Perforated strainers are used for the distribution of 
the air. The holes are made about the same size and of the same total 
area as the holes for the water system. The size of the air i)ipes is based 
on a velocity of flow of the compressed air of about 2,()(X) f.p.m. 

In some unusual cases the same undenlrainage system has b(H‘n used 
for the distribution of both air and water. Both cannot be forccxl 
through the strainers at the same time unless special provision has been 
made thenifor. It may he desirable to use water simultaneously with tlie 
air wash. This can be done if the strainer h(‘ad is arranged with a long 
stem extending into the lateral and with a small air hole in the st(‘m near 
the top of the inside of the air-distributing pipe. 

661. Depth of Filter Box. Considerations of ectmomy deiiiand that 
the lilter box be made as shallow as possible. The deptli may be deter¬ 
mined by the re(iuir(‘d distance between the bottom of the box and 
the necessary frec'board above the edge of the wash-water gutter, or the 
depth may be tixed by the arrangement of the ethii(‘jii pipe' and the 
maximum head to be permitt(*d in the operation of Ihe filter. 

The viinirrum depth of the filter box .will be the sum of the following 
dimensions: 

1. TIh' hc'iglit n*quir(*(l h> tlw straiiuT systenn und ila* covering (»f gravel. This is 
seldom l(‘ss than 8 in. 

2. The tliickiiess of tin* sand bed. This is (luitc coininonly inad(‘ abo\i( 30 in. 

3. The distance bctwc(‘n tlie toj) of the sand and the edge of the w{ish-wat<*r guU(‘r. 
This is equal to the distance that the wasli water A\ill ris(‘ in the filter in 1 min., if 
wasli air is not \ised. 

A. Thc‘ desirable freeboard above the wash-water gutter. Th(‘ ininiinurn should 
be about 0 in., and a much gn*at(*r dej)tl» is preferabh* to assun* good weir action over 
the edge of the gutter and to provide a factor of safety against the ov<*rllowing of th(‘ 
filter box. 

Filter boxes are seldom construeted wdih a d(‘pth less than 0 to 8 ft. 
and are usually deeper. 

In fixing the requisite depth of the filter box the greatc*st permissible 
head loss in operating the filter is fre(|uently of more importane(j than the 
factors listed. Where the pressure in the filter is not permitted to fall 
below atmospheric, the depth of the filter box must be etpial to the maxi¬ 
mum loss of head in the filter plus sufliei<mt fr('el)()ard to prewent loss of 
water over the top of the filter. Where the pressure in the filter may be 
below atmospheric, the depth of the filter box may be equal to the maxi¬ 
mum permissible head loss in tlie filter plus the necessary freeboard and 
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less the allowable negative head at the bottom of the filter. The greater 
the negative head, the less the necessary depth of the filter box, but the 
greater the possible* difficulties in operation.^ 

662. Negative Head. The negative head at any point in a filter is 
equal to the intensity of vacuum at that point and is usually a maximum 
at the point whe^re* the water enters the imderdrainage system. It is 
n»presented by N in Fig. 247. 



An undesirable featiin* of the e\is<(‘ncc of negative head in the 
op(‘ration of a fih(*r is tin* occasional release of dissohcnl gases from the 
water into the sand lay(*r, due to the d(‘crease of pressure. These gases 
may either accuinulat(* in the sand, causing what is known as air binding,- 
or they may bn'ak through the filter, leaving an opening through which 
water may pass with imp(*rf(*ct treatment. A result of air binding is the 
failun* of tlu* water to ])ass through the filter where the bubble of gas has 
accumulated. This may result m loss of capacity of the filter or an over¬ 
loading of other portions of the filter. The use of negative head has the 
advantages, in design, of p(*rmitting shallower filter boxes and, in opera¬ 
tion, of permitting longer filter runs, provided no other difficulties arise. 

663. The Loss of Head in Filter Operation. The frictional resistance 
to the passage of water through the filtering medium and the underdrains 
of a rapid sand filt(*r caus<xs a loss of head in the operation of the filter. 
This loss of head is equal to the vertical distance between the surface of 
the water on the filter and the elevation of tlu* hydraulic grade line at the 
filter outlet. This elevation can be determined by placing a piezometer 

1 See also Morrill, A. B., *‘Thp Design and Care of Bapid Sand Filters,” Jour, 
A.W.W.A.y April, 1934, p. 445. 

^ St*e also Haylis, J. K., *‘.Ur Binding of Filter Beds,” WaUr Works A' Sewerage^ 
November, 1930, p. 379. 
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in the effluent pipe and observing the €*levation of the water in the 
piezometer tube. 

The loss of head in a rapid sand filter immediately after washing 
should be in the neighborhood of 4 to G in. The finer the sand or the 
greater the rate of filtration, the greater the initial head loss. As the 
filter grows dirty (luring a run, the head loss builds up until the inaxiinum 
permissible loss of 10 to 15 ft. is reached. The maximum loss of head 
usuallv assumed is 8 to 10 ft. Greater loss^^s of head are undesirabli^ 
because of the tendency of the water pressure to pack the sand so tiglitly 
as to cause difficulties in washing or possibly the water to break through 
the sand without filtration. 

664. Control of Water Level on Filter. Tht* elevation of the surface 
of the wafer on a rapid sand filter is frecpiently fixed by tlu^ eh'vation of 
the outlet weir from the coagulating basin. The wat(»r surface in the 
filter cannot fall b(4ow this elevation, for, if it tends to do so, water is fed 
more rapidly from the coagulating basin to maintain the constant l(‘\'el. 
The loss of head in the conduits between the coagulating basin and the 
filter, usually being so slight as to be lU'gligible, makes it possible to 
d('sign the plant with the water surface on the filter and on the coagulat ing 
basin at the sam(* elevation. Where water is to be pumpc'd on to the 
surface of the filtc'r, or otlnw method of feeding the filter is used, the water 
level on the filter may be niaintain<*d by us(' of a float-con trolled iidet 
valve»hich o])ens as the ater level temds to sink and clos(‘s as it tcuids to 
rise. One method of rate control recpiires a constant supply of water to 
the filter, insulting in an increase (jf the de])th of water on the filter as the 
loss of head incr(*as(‘s during operation. 

666. Rate Control. A constant rate of filtration is desirable on a 
rapid sand filter, ])ecause (ather a sudden incr(‘ase in rate may cause water 
to break through the filU'ring mat(*rial without i)roper tn^atnuuit, or the 
sudden increase in negative pressure n*(pjir(Hl to pull wat(*r through th(‘ 
filt(M' may ndc^ase (liss(jlve(l gases. A suddcui reduction in the rate of 
filtration may likcNsise ndc'ase a bubble of gas that has be(*n (^ntrairKHl in 
the sand, causing it to make a hole through the filt(T b(*d. A constant 
rat(‘ of filtration may be secaired by hand or by automatic* control, 

666. Manual Rate Control. There ai*(' two succ(‘ssful methods for 
manual rate control. In the first one, the water is applied to tlie filter at a 
constant rate. The constant rate of appli(*d wat(*r is secured through the 
control of the influent valve. At the start (jf a filter run, the eflhumt 
valve is opened slightly, so that the loss of head through it and through 
the sand may be such as to maintain just sufficient d(*pth of water on the 
sand to prevent the surface of the sand from disturbance by the entering 
^\ater. As the sand becomes clogged, and the loss of head through the 
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filter inereases, the depth of wafer on the sand will increase. After it has 
increased to any desired limit, the effluent valve should be opened in 
order to decrease th(* loss of head through it. When the effluent valve is 
finally opened wide and the surface of the water approaches the top of the 
filter box, it is necessary to wash the filter for another run. It is to be 
noted that in this method of manual control the elevation of the surface of 
water in the filter is constantly changing. 

In anotluu* method of manual control, a constant depth of water can be 
maintuined on tlu^ filter by means of a float-controlled influent valve. 
The effluent will pass tlirough tin* venturi meter or other calibrated tube 
or orific(‘. I'he rate of discharge can be maintained approximately 



Fid, 248 Simi lox into coiitrollor i( of , ?///, h r \ nhu ctol Mftit ('o ) 

constant by o])ening th(‘ diM*harge val\ <* to comp(‘ns.it(^ for the loss of head 
through the filter. Such a method is not used freipiently and is suitable 
mainly in small temporary installations. 

667. Automatic Rate Control. TIkmc are two types of automatic rate 
controller, one open and the oth(*r submerged. An opim rate controller 
depends for its actions on a float attached to a weir within the controller. 
The depth of water on the weir is held constant through the rise and fall of 
the float. Since the float in the open rate controller must rest on the 
surface of tlu* wat(‘r (*\pose(l to atmospheric pressure, the top of the con¬ 
troller must be open to the atmosphere. Open-type rate controllers are 
seldom us(*(l today on rapid sand filters. A submerged type is preferable, 
b(‘caus(* it permits any pr(‘s.sure desirable in the effluent pipe. 

Many types of subiiKu-ged rate controller are in use, but practically all 
of them depend on the priciple of the \enturi tube for their action. 
Hate controlh'rs are manufactured devices whose dimensions and capaci¬ 
ties have not been generally standardized. The Simplex rate controller is 
illustrated in Fig. 248. It is a commonly used type. It operates as 
follows: The direction of flow' of water tlirough the apparatus is shown in 
the figure. If the rate of flow increases through the Venturi tube, the 
pressure in the control chamber where the balanced valve is located and 
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the presjsure at the throat will both increase, hut the increase in the 
control chamber will be the larger. The increased pressure on top of 
the flexible disk shown in the figure will force the balanced valve down, 
thus cutting down the rate of flow. The position of the balanc(Hl valve 
fixes the rate of flow through the device, and this position is regulated by 
means of the movable weight on the lever, as shown. 

When the dear-water basin of a filtration plant becomes nearly filled, 
it is desirable to cut down the rate of filtration. This may be done 
automatically by a master c()ntroll(‘r which afTe(*ts the individual con¬ 
troller on each filter. In some plants, rate (‘ontrollers or master con¬ 
trollers are so set that the filters will operate at various rates according to 
the depth of water in the dear-water basin. Such installations are not 
common, liowever. 

The accuracy of operation of a rate controller can be tested f)y filling 
the filter box with water, dosing all but the effluent \alve, and observing 
the rate at which the water leved drops in the filtcu*. The discrepancy 
between the setting of the rate controller and the rate of the droi)ping of 
the w’ater in the filter box will indicate the error of (he controller. 

668. Pipe Gallery. In a rapid sand filt(‘r ])lant containing a large 
number of filter units, it is customary to place the fi]t»T^ in rows with the 
piping or other conduits between them. This spaec* is call(‘d the pipe 
gallery. 

All the conduits conveying water or air to or from the filters should be 
placed in an accessible position in the pipe gallcuy. The conduits 
commonly to be found in a pipe* gallery include tin* influent; the (‘flluent; 
the wash water; the waste water, or sewer; and the wash air, if wash air is 
used. Other pipes, such as heating jhpes and electrical conduits, may 
also be placed in th(' pipe gaIl(Ty for conveni(‘n(*t*. The pui7)ose of ('ach 
of the conduits in the j)receding list is evident from its name. Anoth(‘r 
pipe which is installed in most filter plants is the rewash, or filt(*red-w'ater, 
waste pipe. This serves to connect the effluent from the filter directly to 
the sewer. It may be used to drain the filter into the s(wver, or after a 
filter has been washed any untreated water remaining in the filt(‘r can bo 
wasted into the sewer. 

The sizes of the conduits in the pipe gallery are d(‘pendent on the 
(piantities of water to be carried in them and on th(‘ desired velocities of 
flow. The velocity of ffow^ in the influent pipe is usually mad(‘ slow er than 
w ould be called for by considerations of economy alone, because of a desire 
to avoid breaking up of the floe. Velociti(‘s of 1 to 2 f.p.s. have been 
found satisfactory in the influent conduit. The velocity of flow' in the 
effluent conduit is controlled by considerations of convenience and e(*on- 
omy, as a result of which somew'hat higher velo(*ities are used. Where 
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ca«t-iron effluent pipes are used, a velocity of about 4 f.p.s. is economical. 
Concrete conduits would call for slightly lower velocities. If the fall 
between the filter and the ch^ar-water basin is large enough to permit 
higher velocities in the effluent pipe, all the available head should be 
consumed, if convenient. 

The size of the wash-water pipe is fixed by considerations of economy 
and conveniimce. Since this conduit is used only intermittently and for 
short periods of time, the velocity is higher than in the effluent conduit. 
A velocity of about 10 f.p.s. is economical for cast-iron wash-water pipes. 
Concrete is seldom used for w'ash-water conduit because of the necessary 
pressure at wdiich the water must be delivered. A velocity of flow^ of not 
less than 1^0 f.p.s, will be found economical and satisfactory in the wash- 
air pipe. The \ elocity of flow in the sewer is fixed by the available head, 
the design being based on the principles of hydraulics and Kutter’s, or 
similar, formulas. As the heads available for the branch sewers are 
usually (juite large, the size of the branch sewTr is usually fixed on an 
arbitrary assumption of a velocity not greater than 5 to 10 f.p.s. 

The size of the main conduits in the gallery should be changed along 
the gallery as the branch pip(*s remove or ad<l water to them, except in the 
case of the wash-w'ater or wash-air pipes. Where only one filter is to be 
washed at a time, the flow in (lie branch wash-water or wash-air pipe is the 
same as the flow' in the main pip(‘, and hence the bramdi and the main 
pip(‘S are of the same size. 

Some point of the branch air pipe,should be placed at an elevation 
higher than the highest possible' elevation of the surface of the water in the 
filter. This pr(*caution is taken in order to avoid the possibility of 
siphoning the contents of the filter box into the air piping. 

The location of the pipes and the conduits in the pipe gallery should be 
such as to secure tlu* greatest convenieiK'e in working on and inspecting 
the conduits. Good light, good ventilation, good drainage, and a wide, 
unobstructed passageway for the entire length of the gallery are con¬ 
ducive to prop(*r car(* of the ecpiipment placed in it. 

Th(' pipe* gallery at Alerideui, Gonn., embodic's some of these features, 
as shown in Fig. 2,Sf). Details of a pipe gallery are shown in Fig. 238. 

Gast iron and concrete are the princi])al materials used for the pipes 
and conduits in a pipe gall(*ry. Stetd pip(' is sometimes used for convey¬ 
ing wash air. Three types of joint are used for connecting the cast-iron 
pipe, as explained in Sec. 299. Threaded joints are sc'ldom used on pipes 
larger than S in. in diameter. Flange joints make a neat appearance, are 
easy to connect when the pipe is in proper position, and are extensively 
used. An undesirable feature of the use of flanged joints is the difficulty 
of taking up small discrepancies in the position of the pipe, as the flange 
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joint is practically inflexible. The bell-and-spigot joint is probabl^^ the 
least expensive to make, and slight errors in the location of the pipe can be 
taken up by the play allowed in the bell. The joint occupies considerable 
space, however, and considerable space is requircnl in which to calk it. 
Specials with bell-and-spigot ends take more space than is re(|uinHl by any 
other form of cast-iron special. When bell-and-spigot joints arc used, 
care nnist be taken to prevent the blowing open of the joints due to 
unbalanced pressure on dead ends. To avoid this possibility, some form 
of end restraint is necessary on a bell-and-spigot pipe line with lead joints. 
Where the end of the pipes cannot be anchored or braced against a 
permanent structure, it may be necessary to tie the pipe together with 
cables. 

The connections, specials, and lengths of pipe used in fitting up the 
pipe gallery should be made according to standards available in manu¬ 
facturers’ stocks in order to secure the great(\st economy. The exact 
sizes of the various standards (*an he found in any good handl)ook and 
many of the catalogues issued by the manufacturers. The cost to 
manufacture fittings not in stock is so much greater than for standard 
fittings that the use of nonstandard fittings in small plants is almost 
prohibitive. 

The pipes of the pipe gallery should he well supported be(*ause of their 
weight and the shocks that come on them in operation. In general, each 
piece of pipe should be so supported that the weight does not come on a 
joint where the axis of the pipe is in any position other than vertical. 
This is particulai'ly true of bell-and-spigot joints. 

669. Washing of Filters. A filter should be washed when the Joss of 
head throTigli it has reached the maximum permissible. *rhe washing of a 
rapid sand filt(‘r is accomplislied by reversing the flow of watc^r through it. 
In some plants the sand is agitated \\it)i air or by m(H*hanical raktss while 
it is suspended in the rising stream of wash water. Th(» use of mechanical 
rakes is now obsolete, and the use of air is not ext(*nsive. 

The (piality of the wash water should be as good as tliat of the effluent 
from th(‘ filters where filtration is for hygienic purposes. The dirty water 
from the filters is usually run to waste, Imt in some plants this watcT is of 
sufficient value to justify its reclamation and purification. This may be 
accomplished by sedimentation, after wdiich the efflu(‘nt from the w'ash- 
water salvage basin is pass(*d through the filters. 

The steps in the washing of a rapid sand filter, in which w^ater alone is 
used for washing, are as follows: 

1. ('lose the in linent valve and allow the water in the filter to drain down some¬ 
what. Some operators allow the water to drain dow'ii to the edge of the wash-water 
gutter; others, to near the top of the sand; and others, to a mid-way point. 
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2. Close the effluent valve. 

3. Open the waste-water valve tf) the sewer. 

4. Op<'n the wash-water valve j^racliially, to prevent dislodj^ment of the gravel 
by entrappc'd air, and allow the* wasli water to flow through the filter and out through 
the wash-water gutters until it is certain that the filter is properly cl(‘aned, 

5. (’lose the wash-water valve. 

6. (’lose the uaste-water valve to the sewtT aft(‘r the v, at(‘r in the filter has drained 
down to the edge of the* wash-water gutter. 

7. OjKui the influent valve slightly. 

8. Open th<‘ n*wash valve, and allov/ some of the water to drain to the sewer. 
(This step is fre( 4 uently omitted.) 

9. (’los(‘ th(* rewash \alv(*. 

10. Open the effluent and the influent valves. The filt(*r is now back in service. 

The v\ash water, as a rule, should he turned on gently at first to avoid 
eoneentrating it at a hwv spots in the underdrainage system, resulting in 
mixing the graved with the sand. At some plants, wash-water rate eon- 
trollers are used which opeuatc' either automatically or manually.^ 

When air agitation is used, the wash-air valve may he opened at the 
same* time that the* wash-wat(‘r valve is opened, or th(» wash-air and the 
w^ash-w’at(‘r valves may he* open(‘d alternately. It is usually considered 
undesirahle to apply both air and water simultan(M)usly because of 
dang(‘r of disturbing th<‘ gravel or of losing sand into the wash-water 
gutter. J(‘1 action of wash water against th(‘ gravel or against the sand 
abov(* the graved is und(*sirabl(^ to avoid dangeus of disturliing the gravel 
or causing mounds and crateus in the filter b(‘d. The wash-air valve is 
sonudinu's op(*n(*d Ixd'on* tlu' wash-water vahe* in order to break up the 
sand surface, making the passage of the wash water through the sand 
easier at the start. 

670. Surface Wash. Surfac ‘ wash, in rapid sand filter practice, 
refers to a iindhod of applying wash water at or near the surface of th(' 
sand in tlu* filter. Although not new in waterworks pracdice,- its redevel¬ 
opment and its increasing use, particularly on filters already in operation, 
hav(* be(Mi dm* to improvi'iinaits in d(‘sign and methods of operation. 
Many diHen'iit schem(*s an' used for whi(di .satisfaction is claimed.® In 
some plants a wash-water distribution syvst(‘in has been susi)ended about 
1 in. abov(' th(‘ undisturb(Hl sand .surface with holt's facing downward 
supplying jt'ts under high pre.ssure. J)uring washing both surface and 
subsurfact' wash may be usetl simultaneously, the swirling motion of the 

' Sc(‘ also Dodd, (\ I., “ ImprovtMncnts in Water Work.s I’]qnipm(‘nt and Materials,” 
Jour. .t.ir.M.arcb, 1937, p. 322. 

^ Set* also I)k.Ukr\rd, W , \\ ., and I^AXtiDox Pf.\rsi:, “'^Phe Testing Station and 
Filter Plant at Oakland, Calif,” Eng. Ricord, 38, p. 97, 1908. 

* See also Paylis, J. H., “Filter Bed Troubles and Their Elimination,” Jour. New 
Kngl, Wafer WorA*s /Issoc., Vol. 51, pp. 1 and 26, 1937. 
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wash water serving to scrub the sand grains effectively against one 
another. In some plants the surface may l>e broken up with a high 
pressure stream from a tiro hose; in others a surface washing device may 
be improvised by attaching a length of perforated pipe to a fire hose, the 
(le\ice being moved about on the sand surface during ashing. 

671. Sand Expansion. The wash-wat<T valve should be opencnl 
sufficiently to expand the sand layer about 50 pcu* cent, i.c., to raise the 
level of the surface of the sand so that tfie sand layer occupies 1.5 times 
tlie volume that it occupied before the application of the wash water. 
The location of the surface of the sand iiuring washing can be determined 
with the aid of a propojly protected electric ligh.t on the end of a rod held 
in the hands of the ojK'rator,^ by means of an inverted hollow counter- 
weighted con(‘“ (‘onnected to an indicator on ihe oj)erating table or other 
convenient location, and by other means. The' amount that tlu' sand is 
expanded has been found to he more' important in effecting satisfactorv 
w'ashing of the sand than any oth(*r factor. Too great an <‘xpansion 
serves only to separate the sand grains so that the amount of rubbing 
together is reduc(‘d, thus diminishing the ('ffective'ness of the wash 
Since the amount that the sand is expand(‘d is a function of the viscosity 
of the wash wat(*r and its rate of rise, since the visc( -^ity varies with the 
temperature, and sinc(‘ tin* tcunperature varicss with tlie season and other 
conditions, it follows that tlu' rate of washing at any i)lant should not lx* 
constant throughout the y(*ar. Adjustabk* rate-of-flow controllers an* 
sometim(*s install(*d on wasli-wat(*r pipes, ('onnect(*d with a ^’isihl(* 
indicating gage, to enable the operator to know' at what rate the filter is 
being w ashc'd. 

672. Amount of Washing. Only experi(‘nce will t(*ll when tin* filter 
has been waslaxl suflici(*ntly. The af)p(*aranc(* of th(* rising water in the 
filter and tlu* a})ility of the o])erator to sec* through tiu* wat(*r to the sand 
layer arc* usually guide's on which the* judgnn'ut is basc'd. \\ h(*n the wash 
water is flowing through the filtc'r, the* sand should ap})(*ar to rise ev(*nly in 
all parts of flu* filter, and can* must lx* takc'U not to wash so vigorously as 
to carry sand into the wasli-watc'r trough. When to stop the* wash is 
determined principally l)y experi<*nce. Tlu* wash is usually sto])ped w hen 
the water is suffici(*ntly cl(*ar for the* sand t(» he visible. Upon completion 
of the wash, tlu* sand should settle hack into place so as to j)resent a 
smooth, level surface. Tic* duration of a wash is usually in the neighbor- 

' Soc also (iiLKisoN, (i. F., “('ontroliiiiK Wash Wiitrr l{{it(‘s }>y Sjmd tXj«iasiori,” 
Proc. \)th Anti. Wntir Works Srhitol, I’tiir. Konsa.s, 19.S1, p KMi: «a<l HoI'KINS, K. S., 
‘‘(.oiitrol of Washing,” Fng. Stnrs-Hvrnrd, May 23, 1U2U, p. 84 4. 

* So(‘ also “KlinnaatiiiK ll‘r (lix'ss from Sand l^xpnnsion DHrrrnination,” Wattr 
Works Eng., Jan. 5, 1938. p. 33. 
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hood of 3 to 6 min. It in desirable to use as little water for washing as 
possible, because of the cost of the wash water. In a properly operated 
plant the quantity of wash water used should not exceed about 2 per 
cent of the total amount of water filtered. Lower amounts have been 
attained, and higher amounts are frequently encountered. In general, it 
can be considered that satisfactory results are being obtained when the 
quantity of wash water does not exceed 4 per cent of the filtered water. 
When the filter is put ba(*k into service after washing, the loss of head 
through it should be in the neighborhood of 4 to 0 in. 

673. Wash-water Pressure. The pressure at which the wash water 
should be applied is about 15 p.s.i. as measured at the strainer system. 
In the determination of th(‘ discharge pressure from the wash-water pump, 
or the elevation of the wash-water tank, allowance should be made for the 
loss of head in the pipes leading to the filters. This head loss, as well as 
the loss in the filter during washing, has been tested by Dixon^ and has 
been shown to vary 1x4 ween about 10 and 03 ft., dependent upon the rate 
of washing. 

Wash-water pressure can be obtained in any one of three ways: (1) by 
nutans of an (4evated storage tank into which water is pumped continu¬ 
ously at such a rate as to fill the tank between washings, (2) by means of a 
wash-water pump that op(‘rates only when a filter is being washed, or (3) 
by taking water from the waterworks distribution system in the streets 
through a [)r(\ssure-reducing valve. Both the first and the se(*ond 
methods are fre(|uently used. The di;^advantages of the third method 
are so grt'at as to pr(»clude its use in well-designed plants. The advan¬ 
tages of the first method an' that only a relatively small pump is needed 
and that it can be opc'rated continuously at the highest efficiency. A 
disadvantage is that a large*, and usually unsightly, wash-water storage 
tank is ne(*ded. The advantage of the second method is that the tank is 
not reeiuired. The wash-water pump is large and expensive, however, 
and because of its intermittent use cannot be operated to the best 
economy. 

674. Capacity of Wash-water Equipment. Normally the rate at 
which wash water is applied, where no other agitation is provided, is 2 cu. 
ft. of water per minute per square foot of filter surface, equivalent to a 
rise in the filter box of 24 in. per min. The tendency in design is toward 
higher rates of washing, primarily because of the larger sizes of sand being 
used, which require a faster application of water for equal expansion. 
The capacity of the wash-water storage tank should be sufficient to give a 

^ Dixon, Ci. O., ‘‘The Hydraulics of Rapid Sand Filters,’' Water Works & Sewerage, 
April, 1933, p. 104. 
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normal wash to two filters for a period of 5 to 6 min. at the maximum rate 
without requiring the refilling of the tank. 

Capacities of tanks vary betwwn 30,000 and 170,000 gal. per million 
gallons of filter-unit capacity. With an average capacity of about 70,(XX) 
gal.^ per million gallons per day per filter unit. 

676. Wash-air Equipment. Wash air is usually applied by means of a 
blower or compressor, but it may be supplied through a wasli-air storage 
tank in which air is accumulated bet^^een washings. Wash air should be 
applied at a rate of about 2 to 3 cu. ft. of free air per minute per square 
foot of filter surface for a period of about 5 min. The air pressure is 
slightly greater than the depth of water above Hie air distribution system 
plus the friction in the air pipes, whicli is usually quite small. The wash- 
air storage tank should hold at legist double the amount of air necessary to 
wash one filter. Tlie compressor supplying the w^ash-air storage tank 
should have sufficient capacity to refill the tank between washings. 

All wash-water and wash-air pumping equipment should }>e installed 
in duplicate as a factor of safety in the event of sudden breakdown and 
in order that repairs may be made on one pump or blower w Idle the load 
is being carried by the other machine. 

676. Operating Tables and Equipment. An operating table holds the 
ecjuipment for the control of a filter. The valves controlled from the 
operating table include the following: 

The influent V{il\(‘. 

Tlic efflu(*nt valv(‘ 

The waste-water, or sew(‘r, valv( 

The wash-water \}ilv(‘. 

The wash-air valv<*. 

The rewash vahe. 

Other e(iuipmeiit jdaced on the operating table includes 

A loss-of-lu'rtd 

A sampling (h‘Viee. 

A rate-of-flow gag(* 

The calves may he opened or closed eitlu^r manually or hydraulically 
or by (‘lectric motor. A hydraulically operated valve is illustrated in 
Fig. 1()4. Where the vah es are operated by liand, they are controlled by 
handwdieels placed on stands and not on the operating table. Where the 
valves are controlled hydraulically or electrically, the control handles or 
buttons are groupenl on an operating tabh' in such a manner that the 
operator can observe wiiat is happening in the filter. An operating 
table is illustrated in Fig. 249. 

^ “Water Treatment Plant Design,” Manual of Practice 19, American Society 
Civil Pmgineering, 1941. 
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In conveying pressure from the pipes in the gallery to the gages on the 
table, or in protecting cables attached to hydraulic valves, copper tubing 
is desirable because of the rapid deterioration of steel piping. 

An interesting innovation to supplant the conventional operating 
table has been install(‘d in the new filtration plant at Springfield, lll.^ All 
the equipment is controlled electrically, and all the operating features of 
the plant are centered at one point. 



liU). operating table fur filtei ])laiit at Washington, D. C. {Comtcsy of Armncan 

Watd SoficNtr Vo ) 

677. Loss-of-head Gages. The siini)lest form of losh-of-liead gag(' is 
illustrated in Fig. 217. This tyj)e of gage is not siiit(‘d for general use, 
beciiust' th(' le\’(*ls ol the surlaces of the water in the two j)iez()melers art' 
usually too far apart w lu*n it is tinit* to wash the filter to be sc'cn from one 
position. In order to o\('r«ome this difficulty, it is necessary to transmit 
information of th(*s(» two watt'r levels to the same place so that they can 
be compared. Since only the dilTerence in elevation of these two water 
surfaces is important, this is the information that is usually conveyed to 
the operator by the loss-of-head gage on the operating table. An installa¬ 
tion of a loss-of-h('ad gage and a rate controller are illustrated in Fig. 2o(i. 

^ S(‘(‘ SrvT (\ II , ‘‘The Xeu W^Mter Purificjition Plant at Springfield, 111.,^^ 

Jour. , Mareli, M)3u, j). 327. 
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678. Sampling Devices. As the water leaving; a filter is nnder 
atmospheric pressure, it will not rise to the heiglit of the operating table to 
permit sampling at a convenient point. A common method of raising the 
water to the table for sampling is hy means of small hand pump pla(‘ed on 
the operating table. In taking a sample, considerable water should be 
pumped to wa^te, through the drain provided on the operating table, in 
order to assure the collection of a n^presentative sample. 



1 R.. 250. -Conneciioiib for rate ^'ontioiler and losn-of-heud gage. {CourtiHy of Si'mphjr 

Valve and Meter Co.) 

679. Clear-water Basin. The dear-water basin acts as an eciualizing 
reser\ oil* which pcM'inits the lilt(*r to act at a constant rate*. Its capacity is 
based on the same })rincij)les as those outliiu'd on pag(‘ .‘^2S for an etjualiz- 
ing rt'stnwoir. The j)]*ediction of the fluctuations of dtunand to b(‘ met 
after the completion of a lillcu- plant do not always justify so dtdailed a 
study as is reriuired in the d(*t(*rmination of the capacity of an ecpializing 
reservoir. It is commoner practice to allow’ a certain number of hours of 
storage, usually in tin' luaghborhood of 8 to 12 hr. Supplementary 
storage on the (listi*it)Ution system is frequently d(*sirabl(\ 

The dear-water basin should be carefully prot(*cted against con¬ 
tamination. A lightproof an<I inseetproof roof should be provided to 
prevent the growth of algae in the basin and to pnwent access to the basin 
by insects which cause trouble by laying eggs in the w’at(‘r. Such a roof 
will serve also as a protection from birds and other surfa(*(‘ sources of 
contamination. Alanholes in the basin roof should he made* watertight, 
but ventilation is necessary in order to avoid abnormal air pressures 
when the reservoir is being filled or emptied. No sew’crs should be per- 




49i) 


WATER EVPPLY ENGINEERING 


mi tied within the neighborhood of the clear-water basin, and the basin 
should be secure against leakage either from within or from without. 

680. Operation of a Rapid Sand Filter Plant. The operation of a 
rapid sand filter plant involves considerations other than the filter alone, 
as the water must be prepared for filtration and its quality improved and 
protected thereafter. An example of thorough plant operation is given 
by the plant at Richmond, Va.,^ where the following steps occur: (1) 
I)rechlorination of raw w'ater, (2) pll adjustment in coagulation control, 
with lime or acid, (3) coagulation by quick mix follow^ed by mechanical 
filtration, (4) sedimentation, (5j powdered activated carbon applied to the 
filter influent, (0) pll adjustment to 8.4 with lime, (7) residual chlorine of 
not less than 0.2 p.p.m. maintained at all points in the distribution 
system. 

Routine^ observations that should be recorded in the control of the 
operation of a filtration plant should include (1) the quantity of water 
treated daily; (2) the length of run of each filter between w^ashings; t3) the 
percentage of w'ash w'ater used for each filter; (4) the (quantity of chemicals 
used and rates of application for all purposes; (5) the alkalinity, turbidity, 
color, temperature, and possibly the solids in the raw' and in the filtered 
water; ((ij th(‘ number of bacteria in the raw, settled, filtered, and 
chlorinated water; and (7) presumptive tests for E, coli in the raw', 
settled, filtered, and chlorinated w'ater.- 

(N)nditions that must he guarded against in the operation of a rapid 
sand filter include (1) the formjition of mud balls, (2) cracking or shrink¬ 
age of the filter bed, (3) overloading, (4) shortening of filter runs, (5) air 
binding, ((i) loss of sand, (7) grow'th of size of sand particles, (8) displace¬ 
ment of the gravel, etc.^ 

681. Mud Balls. Mud balls consist of grains of sand and material, 
carried over from the coagulating basin, stuck together in clumps varying 
from the size of a p(>{i up to 1 to 2 in. or more in diameter. Because of 
their lighter specific gravity, balls are found most densely collected at or 
near the top of the filter; but w hen of a specific gravity equal to or heavier 
than that of the saiul,^ tiny may be distributed throughout the sand and 
ill some cas(*s attached firmly to the gravel. Mud halls accumulate over 

' Knslow, L. II., “Modern Water (’hlorinatioii Praetu*e,“ Jour .1 IP W.A , lt)3t, 
p. 579. 

* Hoo\ KU, (\ P., “Laboratory (\)ntrol for A\ater Works,” Jour. A IP.1933, 
p. 1279. 

* Hudson, H. K , Jr., “ Filter M a.shing Experiments,” Jour. A It' It' .i , Vol. 27, p. 
1547, 1935. IlAYiiis, J. H , “Filter Hed Trouble.s and Their Elimination,” Jour. Aao 
Engl. Water tlWAxs .l.s.sw., Mareh, 1937, p. 1. 

* Haylis, J. U , “Filter Bed Troubles and Their Elimination,” Jour. \(w Engl. 
Water Works Assoc. j March, 1937, p. 1. 
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spots where the rising swirls and velocities of the wash water are least 
violent, thus inducing greater unevenness in the rise of wash water and 
aggravating the inequality of the filter wash.^ 

Large caked lumps of sand are more commonly found attached to the 
gravel or to the side walls of the filter. If is believed that the cause of 
mud-ball formation is insufficient washing of the sand which permits 
gelatinous material to adhere to the surface of the sand grains. I'he etTect 
is noticed particularly in fine sands, less than 0.4 mm. in diamet(M', and is 
aggravate<l by the presence of micToorganisms, manganese^ and other 
substan(*cs in the water. Although a 50 per cent exi)ansion of the sand 
in washing is effective in minimizing the production of mud balls, it is not 
a certain preventive. Control of the (juality of the wafer applied to the 
filter has been found an efTective preventive of mud-ball formation in 
some plants; e.g., at South Pittsburgh mud-ball formation was eliminatiHl 
when the pH of the water in the settling basin was (‘arried at 0.0 - 

Methods of removing mud balls and hard plac(\s aft(‘r !hey have 
formed include (1) dipping them olT the surface with strainers while wash 
water is run through the filter at a slow' rate; (2) breaking thfun up with 
rakes and sharp hoes and subseciuently washing off the particles; (H) 
washing the sand in place to break up the mud ball^ either witii a high- 
velocity jet issuing from the end of a pii>e with whieli the sand may be 
prodded or stirred, or by m(\‘ins of a high-velocity surface wash; (I) wash¬ 
ing the filter or allowing it to stand full for some tim(‘, up to IS hr., w ith a 
solution of some chemical, as des(‘ribed on page' 4tlS; and finally, \Ji) 
digging out the hard places with shovels or removing, washing, and 
replacing the .sand. 

Where the volume' of the' mud balls in tlu' top (» in. of the filtc'r is less 
than 0.1 per cent of th(‘ volume of the sand in the sanu' space*, the e'eaieli- 
tion e)f the filter may be* (*onsid(*r(Ml excellent; but where it is 5 pe*r c(*nt e>r 
e)ver, the filter is in a ve*ry bad e*e>ndit iem.* Among the prine*,ipal e)bjee?- 
tiejns to the pre'sence of mud balls in a filter is the danger frenn cracking 
and cle)gging of the filte*r be*el. 

682. Cracking and Clogging of Filter Bed. Cracks in the filter benl 
and the pulling away of the sanel fre>m the sieie walls are cause'd by the; 
compression of tlie se)ft, g(*latinous ce)ating eai the* sanel grains w}iie*h 
allows the sand grains to push teigcther as the heael leiss i^- increase'd 

^ Se'c also Hopkins, E. S., *‘T1h* Cause*, Pre*ve*ntion, and Kliniinntion of Mud Jiall 
Formation,” Jour. Pennn. Watir Works OpvratorH^ Assov.^ 1U.T2, p. 71. 

* See also Baylis, J. H., “A Study eif Filtering .Materials for l{aj)id Sand FiltcTs,” 
Water Works d' Sewerage, Janeiary, 103.5, p. 20. 

® See also Baylis, J. U., P]xpe*rie*ne*(‘s in Idltration,” Jour. A .W .W .A July, 1037, 
pp. 1010 and 1022. 
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during the operation of the filter. The condition is remedied by much the 
same methods as the formation of mud balls is overcome. The effect of 
such shrinkage of the filter bed is to permit dirty matter to penetrate 
deeply into the bed, even into the gravel, and to impair both the washing 
of the filter and the efficiency of filtration. 

Uneven clogging of the filter usually follows the formation of mud 
balls, cracking of the bed, and the pulling away of the sand from the side 
walls. Clumps of mud balls settle into these openings, aggravating the 
condition and resulting in the formation of clogged areas. Effects 
of clogging include uneven loading, shortened runs, and inadequate 
purification. 

683. Cleaning Rapid Sand Filters. Experience? has shown that it 
may be nec*essary at times to clean the filter sand or the gravel to over¬ 
come difficulties from mud balls, cracking, and other causes. Usually 
cleaning servers only as a temporary expedient. The cause of clogging 
should be corrected. V'arious chemical treatments have been used, such 
as caustic soda, suli)huric acid, hydrochloric acid, soda ash, sulphur 
dioxid(‘, and clilorine.^ Uhlorine may he used where the material to be 
removed is of a biological origin; copper sulphate may be effective against 
algae; caustic soda, for alum deposits and organic material; hydrochloric 
acid or carbonic acid, against calcium carbonate; and sulphur dioxide, for 
dissolving iron, manganese, or calcium carbonate. For vsmall filters, 
H.T.ll., or Perchloron, or Ulorox may be used. Liejuid chlorine may be 
used more economically on large filters. Chlorine may be applied as a 
solution at a concentration of about 50 p.p.m. of available chlorine. 
The solution should stand in contact with the sand for A to 24 hr., or 
long(»r. Caustic soda can be applied as a solution or, preferal)ly, by 
spreading l.O to 3.0 lb. of the flaked material per square foot of the filter 
surface. The soda is dissolved by allowing the wash water to rise 4 to 5 
in. above the sand. 

Sulphur dioxide has been used, as a patented process (U.S. patent 
20()0()21), to ch'an filter sand coated with iron or manganese. An 
aciueous solution of sulphur dioxide is pumped through the filter for many 
hours. The method is not recommended where the sand grains are 
coated with cal(*ium carbonate because of the possibility of cementing the 
grains together with calcium sul])hate or sulphite which might be formed.- 

*(1k\kr, J. C\, Study of Clicminds Used for Cleaning Rapid Sand Filters,” 
Jour. .I.U'.ir..!., May, U.)37, p. OOS; “Sulphur Dioxide Is Used to Clean Filter Sand 
and (iravel in Place,” HV)rA*,s* Eng., Feb. 2, 11138, p. 140; and Baylis, J. H., 

“Filter Bed Troubles and Their Kliinination,” Jour. Nvw Engl. Water Works As.sor., 
Vol. ot, p. 1, 1037. 

■‘‘See also .Vxolk, C. F., “(’leaning Filter Sand \Nith Sulphur Dioxide,” Water Jh 
Sewage Works, March, 1047, p. 02. 
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liofore acids or other chemicals are applied to a filter, samples of the 
sand to be cleaned should be tested in the laboratory with the chemical to 
t)e used. Some concentrations and pericwls of application of chemicals 
that have been used with ^’arying degrees of success are indicatenl in 
Table S6. After chemicals have been used, the filter should be thor¬ 
oughly washed to remove the loosi^ied sul)stances and to remove tlie 
chemicals. 


TaBLK Stt. (’URMICALS TsKO FOH (’l.l.Fll/rRKS 


Cheniieal 

Amount of clnunical ust‘d or 
strength of .‘■oiution 

PcTiod of 
contact, 
hr. 

('{Uistie soda and soda ash. , 

XaOH 1.8 Ih. per .s(| ft. 

182 


Na..C(), 5 2 It>. p<*r wj ft 


Caustic soda 

0.8-1.2 Ih. per sq. ft. 

22 72 

Soda ash .... 

0 2 Ih per gal. 

21 30 

Sulphuric acid 

0 092 Ih. i)cr sq. ft. 

4 

(’hlorinc . 

10 12 Ih. per million gallon and oO p 

p in IS 

Sulphur dioxide^ 

1 2 per c(*nt 

If) 


‘ UV»;<s Eng , reb 2, p 14M 

‘ Tank heatetl vMth steam 


The handling of chemicals used in th(‘ chiming of rapid sand filters is 
hazardous. A sp(‘cial committe(‘ of the American \\'al(‘r Works Associa¬ 
tion has r(‘port(Ml on jirecautions and methods in the handling of such 
chemicals. ’ 

M(*clianical methods of cleaning filter's in place include raking, 
scraping the surface, us(* of a high-pressin-e water j(‘t, ej(‘cting the sand, 
and the us(» of steam. In sonn* cases the sand may be n*movc‘d (‘ither by 
hand tools or by a hydraulic ej(‘ct()r and cleaiKMl outside* tin* filtcM*. All 
these methods have b(‘en found helpful in overcoming une\p(‘ct(‘d 
difficulti(*s, but they should not be depeiuh'd on as routine proc(*dur(‘. 
The cause of the diffif*ulty should be discover(‘d and r(‘m(‘di(‘d. 

684. Maintaining Filter Runs. 'Jdie length of tin* filt(‘r run is afT(‘cted 
by the character of the influent water, the rate of filtration, the loss of 
head [lermitted between washings, and the thoiouglincNss of (‘a(‘h wash. 
The character of the water that is applied to the filt(‘r is und(‘r tin* control 
of the operator in so far as he is able to affect it in the coagulating basin 
through the application of chemicals, more satisfactory conditioning, or a 
change in the period of subsidence. Only experience with the parti(*ular 

1 S(*c “Third Report of ('oniinittct* on (’hornioal Hazards in Water Works I^lants,” 
Jour. A.W.W.A., March, 1939, p. 489. 
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water being treated can serve as a guide in any particular plant but, in 
general, an increase in turbidity or of certain microorganisms will shorten 
filter runs.^ 

The runs may be lengthened by a more thorough pretreatment of the 
water or by diminishing the rate of filtration. Where too high a loss of 
head is permitted between washings, the length of run may be diminished 
by air binding resulting from the accumulation of gases thrown out of 
solution as a result of the reduced pressure^ in the filter. A remedy is the 
reduction of the loss of head between washings. In some plants the 
length of run may be increased l)y “bumping” the filter occasionally 
between washings. A filter is bumped by preparing it, in the ordinary 
manner, for washing and turning on the wash water for a moment to 
l)reak up the fichrnulzdecke. 

686. Loss of Sand. Sand is carri(‘d out of the filter by wash w^ater 
usually as a r(*sult of the increase in the size of the sand grains by material 
that a(lli(U(‘s to them, reducing the specific gravity of the clump and 
exposing rrion* surface to the rising wash water. The loss of sand is 
particularly noticeable as the temperature of the w^ash water decreases 
l>ecaus(‘ of th(‘ incrcas(‘d lifting pow(T of the water with increasing 
viscosity. Since* the cause of the* difficulty is dirty sand, to decrease the 
rate* e)f wash may serve ultimately either te) aggravate the conelitiem e)r te) 
cause e)ther tre)uble*s in tlie filter e)peration. The ultimate efTecti\e 
reme»dy is te) e*le*an the* sanel. 

686. Growth of Size of Sand Particles. Increase in the size of sand 
part icl(*s in a filter is elue* te) the* ejuality of the raw' water resulting in the 
ele*pe)sit ion of a se*ale e)r of a ge*lat ine)us laye'r e)n t he surface of the sand. A 
liarel scale* e)f caleiuin e'arboiiate may fe)rm in a lime-se)da softening plant as 
a ri'sult of ince)mplete r(*carbe)natie)n, elissolve*d calcium carbe)nate being 
thre)wn e)ut e)f se)lutie)n through the absene*e of suffieient dissolved c*arbe)n 
elie)\iele. The ine*re*ase e)f carbe)n dioxide may also serve to elissolve 
manganese that may have elepe)sittMl on the sand grains.^ The rerneely e)f 
the ce)nelitioii lies in the control of the quality of the w'ater being placed on 
the filter. 

687. Displacement of Gravel. Displacement of the gravel in a filter 
may r(*sult from a l)reak in the underdrainage system, from uneven dis¬ 
tribution of the wash water, or from the use of too high a rate of wash. 
The condition aggravates the uneveness of the wash-water distri})Ution, 
mixes the gravel with the sand, and may permit the escape of sand into 
the underdrains. 

* Marshall, L. A., “How Do«*s Miennsoopio Plant Life .Effect Filtor 
H\ins,’’ Wattr Works Eng., Sept. 24, 1930, p. 443 

* (Vrcln'ilr, L \\ * Eff<*c*ts of Manganese on Filter Operation,’^ Am. Jour. Pub. 
Healthy Oetoher, 1931, p. 1153. 
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The condition may be remedied by diminishing the rate of filtration or 
by repairing or renovating the nnderdrainage system. The escape of 
sand into the underdrains is dangerous, because its remedy is expensive, 
usually involving the shutdown of the filter and the tearing up and replac*- 
ing of the underdrain pipes. Gravel that has become misplaccMl in a 
filter may, sometimes, be replaced without shutting down the filter by 
(Irawing a straightedge across the surface of the gravel while wash wat(M* is 
running thrvUigh the filter. The fine gravel, hich is almost suspended in 
the rising wash water, is easily shifted about in this manner. 

588. Results of Rapid Sand Filtration. A rapid sand filter will 
remove suspended matter, color, odor, and bacteria from water and w ill so 
alter the characteristics of certain polluted or otherwise* undesirable* 
^^aters as to make them suitable fe)r ele)me*stic and most industrial use's. 
The remioval e)f bacteria is usually insufhciently (‘fleetive to place* de*i)e*nel- 
(Mice on the filte*r alone for the production of a hygienically .-ah* watei. 
Whea-e the bacterial load is at all heavy, the filtration lu'oce*.'^.^ must i)e 
supple'me'nte'd by sterilization. Kaw wate*!* with rurbiditie's as high as .35 
to 40 p.p.m. can ])e succe'ssfully tre*ated by rai)id sand filtration. (\)lor 
can be ?*('duce*d to 10 p.p.m. or h'ss. 

Str(*(*te*r^ has expressenl the relation be*twe*('n the* l>act(*rial (piality of 
raw wat(*r and tlie effluent re'sulting from coagnIati<*n and s(‘dime*nlation 
as = cR'^/lofr T in which R demote'S the bacterial conte'iit of the raw' 
water, TJa that of the efflu(*nt from the set fling basin, and c and a are* 
empirical constants. Wlieai T was exprc'sseMl in hemrs, the value's of r and 
n for the* e\perime*ntal ])lant we're' founel te) be 0.57 and 0.88, re'spe'ct ive*ly. 
4'he U.S. J^ublic lle*alth Se'rvice^ has e'\pr('ss(‘d the* relationship betw(*(*n 
the bacterial cont(*nt of infhu'iit and efflue*nt wate*r in j)urification proc- 
esse's as 

// c.r^' 

in which jr and // de'iiote, r(*spe‘ctiv('ly, the bact(*rial cont(*nt of the* infliu'iit 
and of the efllue'nt wat(*r. 

Some results of the oj)eration of rapid sand filte'rs are shown in Table 
87. A comprehe'iisive summary of such results is give*n in Public Health 
Bulletin 172, 1027. 

689. Permissible Loads on Filters. 4fflere is a limit to the bacte*rial 
load that a rapiel sand filter can e*arry in safe*ty. An inve'stigation made 
by the U.S. Public lle'alth Service disclose'ei that the average* modern 
rapid sand filter plant, when aided by postchlorination of the filtc'n'd 
effluent, should have delivered to it a raw' water having an E. coli ind(*x 

1 Streeter, H. W., ‘‘The Bacterial Efficiency of C(*rtain Tiit(*rniediate Stages of 
Water Purification,” Public Works^ December, 1933, p. 17. 

‘ ‘‘The Efficiency of Water Purification Proces.ses,” Pub. Health Bull. 193, 1930. 
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not exceeding 5,000 per 100 cc. If aided by continuous prechlorination 
and postchlorination, the load might be increased to 20,000 per 100 cc. 

In so far as the load of zinc, manganese, iron, and similar substances in 
the raw water is concerned, there seems to be no limit as to the amount 
that can be removed by purification, except the practical question of 
economy. No practicable methcxl has, as yet, been devised for the 
removal of sodium chloride, the presence of which in the raw water supply 
is, therefore, limited to the amount permissible in the effluent. Other 

Table 87. —Removal op HArTEUiA by Various Water-purification Processes 
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‘ li. coh iikIox, nvotHiio for l‘n7 1921, iti(lusi\c. 

* \v<*rau:<'for 1917 1921, inolusivf. ^ 

* llopoft, Ohio C’onfr'rrncr on Water !*riTifiention, 1922. 

‘"Stutliivs of the lOfTer-t of Water fNirifieation Proecases,” /*uh. Ifralfh Bull. 172, 1927. 


substances thnl should be e\chid(Hl from the plant influent are 1 he phenols 
and cr(*sols and other tarry derivatives from gas and coke by-product, 
manufacturing. The presence of decayed vegetation and of excessive 
growths of microorganisms is undesirable in the influent and should, 
therefore, be excluded. 

590. Pressure Filters. A prc'ssure filter is a rapid sand filter placed in 
a closed watertight tank, as shown in Fig. 251. The w ater passes through 
the sand and emerges from the filter under a pressure greater than 
atmospheric. The filter is operated similarly to a gravity-type filter 
except that the coagulated water is usually applied directly to the filter 
without mixing, flocculation, or conditioning. Automatic filters are 
available in which tin* valves are manipulated automatically to backwash 
the filter at a predetermiiKul time or head loss. 

Pressure filters are used almost exclusively on small w^ater supplies, 
particularly for industrial purposes. They are iiarticularly advantageous 
for installations wiieie the water is receiveil under pressure, as no pump- 
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ing after filtration is required. Such conditions occur in buildings, 
industrial plants, and private estates which are supplied with water 
under pressure by the public water supply and in some cities, where water 
is conveyed to the city under pres-sire from the higher watershed. The 
use of pressure filters for a public water supply is unusual iMH-au.se of their 
high cost, the inefficiency of operation, and the relatively poor quality of 
the re.sults obtained. 
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Fu. 251 Hon/ontal prehsuro filter. {Courti stj of th( Pirmuiit Compmm ) 


691. Double Filtration. Double filtiation may coii^i.st of the lilt ration 
of at(T through two or more* slow .sanil filters in series or through a rapid 
sand filter and then through a slow sand filter or another rapid sand filter. 
When* d()ul)lf‘ filtration is praetieed, the use of a preliminary, or ^^rtuiRh- 
ing, ’ filter of tin* rapid sand typi* is eommon. W’^hatever the type of the 
preliminary filter, its filtering material is coarser than that m the final 
filters, and the rate of filtration is appreciably higher. Ibnighing filters of 
the rapid sand type seldom re(}uire the use of a coagulant, and they may 
be operated at rates as high as 130 gal. per min. per scj. ft., as at the 
Walton plant of London’s water supply. 

Double hltration is found useful primarily in increasing the capacity 
of existing slow sand filter plants wdiere the available area of land is 
restricted or in the construction of slow sand filter plants on restricted 
areas. As a result of the preliminary treatment in the roughing filters at 
Walton, the slow sand filters are more than doubled in capacity.^ 

Walton Filters of London, Lngland," WaUr Workn, S(*|)l(‘rnhcr, 1920, 

p 419 
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692. Purposes.^ Amonj; the principal purposes of water softening may 
he included (I ) conservati<ni of soap, (2) reduction of work in the laundry, 
(3) prevention of the formation of scale in steam boilers, and (4) prepara¬ 
tion of water for domestic and industrial uses. Softening increases the 
efficiency of filtration; aids in the remov^al of color, iron, and manganese; 
makes possible, through proper operation, the production of a noncorro¬ 
sive water; improves the cooking of foods and is desirable for other 
domestic purposes; and increases the efficiency of reduction of bacteria 
when filtration follows softening. Wliere soap is used in hard water, an 
undesirable precipitate of calcium and magnesium compounds, combined 
or mixenl with otluT substances, is formed which deposits a scum or scale 
that is difficult to remove. Water must be reduced to zero hardness 
before soap will become (d’fective as a detergent. That it is more eco¬ 
nomical to soften water with (diemicals than with soap was demonstrated 
by Hudson. Where tin* cost of soap is 20 (*ents per lb., of soda ash is 1 * 2 
cents per lb., and of lime, ('a(()n) 2 , is ^ 2 per lb., the relative costs of 
soap to soda ash or lime, ])er pound of hardness as calcium carbonate, are 
roughly 3()0:(i0:1.2 The cost of domestic water softening, as compared 
w ith municipal w'at(*r softening, may be reduced by by-passing hard water 
to be used for flushing, sprinkling, and similar purposes. 

Despite its (huiioiistrated advantages and economies the field of 
municipal water softening is relatively undeveloped; only about 20 per 
cent of the municipaliti(\s in the United States in which the hardness of 
the water supply is gr(*ater than 110 p.p.m. are softening their water. A 
census of all the municipal water-softening plants in the United States, 
showing p('rtiiient data concerning their operation, is presented by 
H. M. Olson.^ 

^ Hudson, H. W., “Soap Tsasc and Water Hardness,’’ III. State [Vater Sarvey^ 
Circ. 13, 11)34; Walkkr, W. II., “Municipal Water Softening,’’ Jour. A.W .W .A 
January, 1034, p. 77. (luioux, II. It., Jour. .l.ir.lF.d., Vol. 25, p. 982, 1933; and 
Olson, II M., ‘Hlenefits and Savings from Softened Water for Municipal Supply,” 
Jour, d.ir.ir..!., April, 1939, p. 907, with comprehensive bibliography. 

* “.\lkalics and Chlorine in the Treatment of Municipal and Industrial Water,” 
Tech. Bull. 8, Solvay Technical and Engin<‘ering Service, 1941. 

^Jour. A.ir.ir.A., Dcaember, 1941, p. 2153. 
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593. Results Desired. In the operation of a municipal water- 
softening plant it is now customary to reduce the carbonate hardness to 
35 to 40 p.p.m. and the total hardness to about 50 to 100 p.p.in. The 
^()luhility of calcium carbonate in softened \vater is an important criterion 
of its desired quality. AVater that is supersaturated with calcium car¬ 
bonate w ill deposit a coating on pipes and sand gnuns, wdiereas w ater that 
is undersiiturated is apt to be corrosive. The solubility eciuilibrium of 
calcium carbonate is controlled by the lime-soda ash dose, the addition of 
alum, recarbonation, or the use of sodium hexametaphosphate (Calgon). 
The cai})onate balance of the water is determined as explained in Sec. 
(U)0. In general, it is considered good practice to carry a calcium car¬ 
bonate alkalinity of about 25 p.p.m., Avhich necessitates a pll of 8.2 t(» 
8.5. If the pll is low', soda ash should bo ad«led, and if too high, alum or 
carbon dioxide should he added. 

694. Methods of Softening Water. Public water siipi>lies an* 
softened by either the lime-soda process or the zeolite i^bas(M»\chang(0 
process. Water to l)e used for industrial purposes may lx* softem‘d by the 
above methods or by the use of synthetic organic deterg(‘nts, the so- 
called siilplionated oil soaps and related substances, and propru^tary 
preparations usually containing organic compounds 

696. The Lime-soda Process. A flowing-through diagram of a 
municipal water-softening plant is shown in Fig. 252. The process 
involves the thorough mixing of the chemical with the water, followed by 
slow agitation for 30 to 00 min. to allow' completion of the chemical 
reaction. I1ie ])ioper time ti) be allowed is grtvitly affected by tlie 
temi)oiature because the cliemical reactions and sedimentation tak(‘ plac(» 
rajiidly at higher tenqxTatures. AA'hen the temperature of the wat(*r 
approaches 39°F., the settling area needs to be double that at 7l°F. 
Precipitated chemicals are removed by sedim(‘iitation or filtration, or 
both. The w ater may bo recarbonated after sediiru*ntation to rest on* t he 
carbonate balance. 

The process may be operated intermittently or continuously, either 
cold (50-70°F.j or hot (212°F.), Intermittent softening involvc's batch 
or fill-and-draw' operation in wood, steel, or concrete tanks of any 
convenient shape, from wliich sludge is withdrawn either by gravity in a 
conical- or pyramidal-shaped bottom, or by mechanical scrapers from 
flat-bottom tanks. 

The continuous cold process is most commonly used in municipal 
practice. For industrial purposes intermittent operation may be us<*d 
and, where the softened w^ater must be heated, as for boiler feed-water 
water conditioning, the hot process is most economical. Boiling reduces 
the carbonate hardness by driving off the dissolved carbon dioxide, 
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Fio. 252.— Howing-through diagram of municipal water-softening plant at Ann Arbor, Mich. {From H. E. McEntee, Jour. A.W.W.A., Septem- 

her, UUO. p. Ib02.^ 
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resulting in the precipitation of insoluble carbonates. The complete 
softening of boiler feed water requires the use of excess chemicals and the 
unit cost may be higher than for municipal water softening. 

696. Chemistry of the Lime-Soda Process. The following typical 
reactions occur when lime is added to hard water: 

CaO 4- 2H2 ('Os = Ca(HC’()s )2 + HjO tl) 

Liiuo, f’arhonic (*al(*iuni InoarhonaU*. Hat4*r 

inaoiubk aoid aolvihlo, cauMf'H haninofia 

t’adlt'Osis + ('a(()H )2 = 2da(’()3 + 211.0 (2) 

Calcium hicarliouale hmc calcium carbiHiato, vialcr 

Holtihlc, causes lianlncaa lusoluhlc 

CaS()4 + Xu^'O;, = +- NajStb (.3) 

Calcium stjlphatc, andium carlu)iiMl.e calcium himIiuiii aulpliatc, 

insoluble, cause.s or carbonate, soluble, tloeh luit 

hardness sotla ash insoluble cause hardness 

Reaction (1) expresses the conditions that occur in iiature to cause 
hardness. The calcium carbonate of the limestone is dissolvi‘d water 
contaiiiinji; dissolved carbon dioxide. Reaction (2) is the reaition that 
occurs wlien temporary hardness is removt'd b> the addition of lime. 
Reaction {^) occurs when ptTman(*nt hardm^ss is n^mov'cd by the addition 
of soda ash. iSormally, reaction (3) would b(‘ followed by reaction (2) in 
order to remove all hardness. 

The amount of lime and sodium carbonate nocessitry to complete these* 
reactions is dependent on the amount of calcium and magnesium dis¬ 
solved in the water and on such eonclitions as temperature, return of 
precipitated sludge, thoroughness of mixing, and time of contact. The 
necessary amount of chemical can bo computed approximately by 
stoiehiometrical computationsJ It is not possible to determine, by such 
computalions, the precise amount of chemical reejuired because* of other 
substances present in the water. Various rational and (‘inpirical for- 
mula.s, all bas(*d on stoicliiometrical priii(‘iples, have b(‘(*n d(*vised to 
(‘xpress th(* cpiantitic's of lime and soda ash needed.- Larson and Hiis- 
welP have shoun that a residual hardnc.ss of about 20 to 27.4 p.p.m. is the 
theoretical minimum to which hardness can be r(*duc(*d by the cold 
process using only lime and soda asli. Soft(‘inng under liiglier temp(*ra- 
tures is more com])l(*te. 

697. Chemicals Used. Either hydrated lime, ('a(()II) 2 , or cpiick- 
lime, CaO, may be used in water soft(‘ning, the choice* depending on the 

^ Hoovkr, C. P., ''Water Supply and Treatment,” Natioiial JJmv d^s^tnr., Hull. 211, 
1934. 

2 “Alkalies and Chlorine in the Treatment of Munieijial and Industrial Water,” 
Tech. Bull. 8, iSolvay Technical and Kn^incfrinj^ S(»rvie(‘, 1941. 

0>\RsoN, C. C.j and A. M. Piswkll, “Theoretical Limits of the Lime-soda 
Metliod of Water Softening,” Ind. Eng. Chvm., January, 1940, p. 130. 
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available equipment for handling the chemicals and their relative cost. 
Commercial gradeb of hydrated lime and of quicklime are about 90 per 
cent pure, with calcium carbonate and silica as the principal impurities. 
Hydrated lime keeps better in storage and it does not require the slaking 
equipment needed for quicklime. The latter, however, is less bulky and 
costs less per unit weight of calcium oxide and is, therefore, more eco¬ 
nomical for larger plants. 

In the preparation of the chemical to be added to the water it is better 
to prepare a well-agitated milk-of-lime suspension rather than a solution 
of lime water because of the relatively large volume of lime water required 
to give adequate dosage of lime. A difficulty involved in the use of milk 
of lime, however, is the continuous agitation required to prevent stratifi¬ 
cation and sedimentation in the storage tank and in pipes. A trough with 
an easily removable top or a soft rubber hose that is accessible for pressing 
or kneading in order to break down scale or to move deposits is preferable 
to inflexible pipe for conveying milk of lime. If high temperatures occur 
in slaking quicklime, the slakcr should be provided with a ventilating 
hood in ord(‘r to remove vapors. 

The slaking of (juicklime to produce a satisfactory milk-of-lime 
solution reejuires about 3 to 5 lb. of water per pound of lime. In practice 
the (luicklirne, after being crushed to a size convenient to be handled by 
the available eejuipment, is ai)])lied through a dry feeder to a covered 
container in which the lime is slaked at a temperature of about 200°F., 
requiring about 15 to 20 min. for complete reaction during which the milk 
of lim<^ is thoroughly stirred. 

It apparently mak(\s no difference whether the lime and soda ash are 
mixed together or fed as one solution. The measurement and feeding of 
the chemicals may be controlled either volumetrically or gravimetrically 
by dry-feed machines which control the dose with precision. In practice, 
charges of lime and of soda ash are made up in batches sufficient to last for 
one 8-hr. period, or watch. Solutions should not contain more than about 
5 per cent of the active ingredient, because stronger concentrations 
decrease the accuracy of fettling, although 10 per cent milk-of-lime 
solutions are used in practice. 

Commercial grades of soda ash contain about 99.5 p)er cent of Na 2 C() 3 , 
and are relatively easily handled when dry. Soda ash is relatively 
soluble in water, forming a clear, stable solution that requires no agitation 
to prevent settling or stratification. Caustic soda, NaOH, reacts in a 
manner similar to lime but liberates an e(|uivalent quantity of sodium 
carbonate. It thus replaces both lime and soda ash. With highly 
alkaline waters it may serve as a complete softening agent. 

698. Sedimentation Basins. Because of the relatively large volume 
of sludge accumulated in the softening process, sedimentation basins with 
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mechanical de\ ices for continuous removal of the sludge are ordinarily 
used. One form of such basins, commonly called ‘'clarifiers/* is illus¬ 
trated in Fig. 253. In general, the period of retention lies between 2 and 
4 hr. 

Proprietary devices, such as the Spaulding precipitator^ illustrated in 
Fig. 228, combine the functions of mixing and sedimentation. The 
device consists of a cylindrical tank in wliicli a central truncated cone 
with its small end up is inside another truncated cone with its small end 
down. Mixing is done in the inner cone, wliich is provided with a 



mechanical stirring device and whicli has a detention period of about 30 
min. After mixing, the wat<*r passes through a V-shaped annular slot 
h(‘tween the iniiei and the outer came and rises wdth a velocity of i to 8 ft. 
per hr “ through a blanket of sludge that acts as an adsorbent medium and 
etTe(*ts removal of pr(*cipitated solids. Sludge is drawn off continuoubly 
and slowly enough to maintain the essential ])lanket of sludge. 

699. Recarbonation. The addition of lime to whaler reduces the 
carbonate saturation index and increases the tendency of the water to 
deposit calcium carbonate on filter sand, pipe's, boiler tubes, etc. I'he 
carbonate balance may be partly or cornpletc'ly nvstored and other 
advantages may be gained by the recarbonation of the water.® This is 

1 8ec‘ Spai i.DiNO, C. H., ^^Omditioniiig of Water Softorjing ProcipitatcH,^^ Jour. 
A.W.W.A , Xovember, 1037, p. 1607. 

* “Alkalies and Chlorine in the Treatment of Munieij)al and Indnstrial Water," 
'Tech. Bull. 8, Solvay Technical and Engineering Service*, 1041. 

* See also Spaitldivo, C. H., “Water Sfjftening Practice Shows Rapid (irowth," 
Eng News-Record, June 8, 1033, p. 747; Hoover, C. P., “Recarbonation of Softened 
Water," Ind. Eng. Chem., Vol. 19, p. 784, 1927. 
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usually accomplished by diffusing carbon dioxide gas through the water or 
by under-water combustion J 

The gas is usually applied after the water has passed through the 
settling basins. The reaction time allowed in the recarbonation basin 
should be at least 20 min. Unfortunately recarbonation does not 
always return the water to chemical balance. For example, water with a 
solids content of 300 p.p.m. and calcium of 20 p.p.m. to be in chemical 
balance should have a pTI of 8.9. Kecarbonation will reduce the pH to 
8.3, re(iuiring an alkalinity, for chemical balance, of 130 p.p.m.— 
almost four times that required at a pH of 8.9. To avoid redissolving of 
precipitated carbonates, recarbonation should not be carried below a pH 
of 9.2 to 9.7. Although such water may be incrusting it is preferable to 
water that is corrosively aggressive. 

The recarbonation of water containing excess lime will form a colloidal 
precipitate of calcium carbonate that is less soluble at a pH of 9.4 to 9.6. 
It is desirable, therefore, not to carry the recarbonation below this point if 
minimum hardness is desired. Ecpiipment for the production of carbon 
dioxide consists of a l)urner, a scrubber, a compressor, and necessary 
appurtenances. The maximum amount of (‘arbon dioxide that might be 
reciuired should not exceed 500 lb. per million gallons of water treated. 

A period of settling should be provided before and after recarbonation 
to remove the sludg(‘s form(»d by softening and to remove any possible 
precipitate formed by the neutralization of ex(*ess caustic alkalinity 
[('a(()H) 2 ] by the carbon dioxide. The secondary period of sedimenta¬ 
tion is, however, commonly omitted. 

600. Disposal of Sludge. The large quantity of sludge accumulated 
in the lime-s(Kla proc(‘ss of wat ^r softening presents a problem in its dis¬ 
posal. Many ex])edients have been adopted for its disposal, such as (1) 
the discharge into a stream providing sufficient dilution and carrying 
capacity to prevent tlu* formation of sludge banks or the discoloration of 
the stream; (2) temporary storage to permit discharge into the stream 
during high-water period; (3) the filling of depressions or excavations, 
as old quarries; (4) the discharge into the city sewers through the 
sewage-treatment plant; (5) drying the sludge and using it for liming 
soil; (6) reburning for the production of lime; and (7) use as a filler for 
paints. 

601. Operating Expedients. Greater ('conomy and better results can 
be obtained by various expedients during operation that combine or 
modify the normal steps in the water-softening process. These expedi- 

' »S^*ealao 8<’ott, L. II,, and F. (\ Abbott, "Siibiiiorged C^oinlniation,” Waler TfWA« 
li* Sewerage, (>rt()b<*r, 1939; and S('ott, L. H., ‘Tlovelopnient of Submerged ('onibus- 
tioii for Kecarbonation,” Jour. .4.IF.If'..1 , January, 1940, p. 93. 
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ents include (1) the use of excess lime, (2) the use of uluminum or ferrous 
compounds, (3) the recirculation of sliidjre, (4) the softening of only a 
part of the water, and (5) the coml^ination of the lime-soda pro(‘ess and 
the zeolite process. 

The addit ion of an e\c(‘ss of 2 to 3 grains of lime pe^ gallon followcnl hy 
the addition of sufficient soda ash to react with the noncarhonate hardness 
and the excess lime has been found to precipitate magnesium almost 
completely. The presence of an excess of lime (*an he determined hy the 
test for alkalinity. If the plienolphthalein alkalinity is ecjual to one-half 
of the methyl orange alkalinity, only normal carhonate alkalinity is 
present. If the phenolphtlialein alkalinity is greattT than one-half of the 
methyl orange alkalinity, the water contains caustic alkalinity or excess 
lime. 

Aluminum compounds an* sometimes added to the water to coagulate 
finely divided precipitates, thus shortening the r(*action and settling 
periods that might otlu'iwise l)e retjiiired. Compounds use<l include 
alum and sodium aluminate; a dosage* of 0.5 to 1.0 grain of alum per 
gallon or 0.5 grain of sodium aluminate* pe*r gallon may he* use*d Fe'rrenis 
sulphate may he usenl in j)lace of alum. The use* of alum slightly incre*as('H 
the sulphate hardn(*ss, n(*c(*ssitating tlie use of aelditiunal soda ash. The 
reduction of hardne*ss hy sodium aluminate may he gn'*0.e*r than wentlei he 
calculated, possibly due to (*\ce‘ss hydroxide* ions r(*l('as(*d l)y the hyelrol- 
ysis of sodium aluminate* to aluminum hydre)xiele. 

The re'circulation of \\a1(*r-se)ftening sluelge* aleme*, or ce)mhine*d with 
some fine*ly divide*d insoluble* compound, such as bleaching e*lay, applie*el te) 
tlie water w ith the milk ot lime*, has he'e*n feninel he‘ne*licial in many j)lants.^ 
The amount of ivtiirne'd sludge shenilel hv sullie*ie*nt to maintain aheait 
10,000 p.p.in. of susp(*nde*d solids in the mixing e*hamher, hut the e*xact 
nuinhe*!* for any particular plant must he de*t(*nnin(*el hy (.*\j)(*rience. 'riie 
pr()(*e*dure has he*en found ]iartie*ularly h(*neticial whe*n the l)icarhe)nate‘ has 
been change*d to normal carhonate, the magne*sium has he*e*n ])ree*ipitate*d 
as magiK'sium hydroxiele, and the e‘\ce*ss e*auslic lime, Ca(()H) 2 , has he*e*n 
neutralizeel to carhonate. The re*circulation e)f sludge* may he* comhine*el 
with the exe*ess-lime tr(*atme*nt. 

Rec'irculation of sludge may re*sult in an effluent containing 50 to 70 
p.p.m. of hardness, approximately 30 p.p.m. le‘ss than woulel he e)htaineel 
without ree'irculation. The* Spire)acter, a pre)prietary de*vie‘e," prejdue*es 
an effluent of 50 to 70 p.p.m. of hardness hy the cold-lime proce'ss with a 
period of retention betAveen 0 anel 12 min., ce>mpared with 4 hr. in the 

* S(*c also IIoovi.R, (' P, “V Recent l)ev<*lopinent in hirne Water Hoftc'iiing,” 
liept. Hth Ann., Wati r }yorks Sdiool, rnip Karmas, 1030. 

2 “Wat(*r (’oinlitloninjz;.” The Perniutit (’o , 1943. 
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conventional cold-lime softening process without recirculation of sludge 
and 1 hr. with rec irculation. 

In some cases it has been found desirable, and economical in the use of 
chemicals, to reduce the hardness of a portion of the water to a degree 
below that required and to mix the softened water with a portion of 
unsoftened raw water to produce the desired degree of hardness. This 
method is known as “split treatment. 

A combination of the lime-soda process with the zeolite process may bo 
found economical, particularly where the sulphate hardness is high 
The carbonate hardness is first removed by lime treatment. The water is 
then recarbonated, to prevent incrustation of the zeolite sand, and the 
water is passed through the zeolite softener to remove sulphate hardness. 
Since the zeolite also removes residual carbonate hardness, the hardness 
of the effluent is zero. 

602. A Softening Plant. Municipal softening plants are usually most 
economically designed to meet local conditions. Small plants and 
equipment for many industrial purposes may be selected from standard 
designs offered by eejuipment manufacturers. Olson,^ in 1945, reported 
costs of softening plants under 1 m.g.d. capacity to be $75,(K)0 per million 
gallons p(»r day; and from $50,000 to $55,000 per million gallons per day 
for plants of 3 to 4 m.g.d. capacity; and from $25,0(K) up for plants from 
5 to 50 m.g.d. capacity. 

A typical small softening plant is illustrated in Fig. 252.^ Such a 
plant, with a capacity of 250,000 gid. per day, would consist of (1) a 
mixing basin 4 by 25 ft. in plan and 12 ft. deep, the mixing being done by 
paddles rev(dving on a horizontal shaft at right angles to the direction of 
flow of the water, (2) a settling basin 25 by 25 by 12 ft., ecpiipped for the 
continuous nunoval of sludge; (3) a recarbonation basin 2 by 25 by 8 ft., 
equipped with perforated pipes for the diffusion of carbon dioxide; (4) two 
gravity sand filters, each with an area of 50 stp ft.; and (5) a secondary 
recarbonat ion tank about 5 ft. square and 5 ft. deep, which will act also as 
a clear well. 

In small softening plants, precise clu'inical control is important 
because of the high percentage of error in the treatment resulting from 
small errors in the rate of application of chemicals. Precise control may 
be obtained by automatic equipment, which will apply the chemicals in 
proportion to the (juantity of water being treated. 

^ See also Olson, 11. M., “Development and Praetiee of Miinieipal WatcT Soften¬ 
ing,^' Jovr. A.WAV,A., October, 1945, p 1002 

* S(‘e Hoov KR, C. P., “Small Softening Plants,” Water Works Eng., May 2(), 1937, 
p. 734. 
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SOFTENING WITH ZEOLITES 

603. Characteristics of Zeolites. A zeolite is a ehemieal eoinpound so 
imperfectly bound together that its composition will change depending 
upon the con(*entration of chemicals in solution in its presence. "^I'liose 
zeolites most commonly used in water softening are a natural sul)stance 
known as greensand and various forms of synthetic sodium zeolites. 
Greensand deposits are widely distrilnited with almost iiu'xhaustable 
deposits in New Jersey. The zeolit(‘s useil in water softening are so com¬ 
posed that the sodium radical of the zeolite is interchangeable in (‘itlier 
direction for calcium and magnesium. Some of the characteristics of 
various available zeolites are listed m Table 88. 


Table 88.—Characteristics of Zeolites 



1 

1 

Exchange 

Pounds of 
salt pi r 

Name or type 

I)e.scription 

value, grains , 

1 cubic 

of (’aGO8 per 

1 

foot for 


1 

1 

cubic foot 

n‘genera¬ 
tion 

Glauconite, or greensand 

Precipitated synthetic, or 

1 ■ . " 
Gn'enish-hlack, kid- 

n ey-l)(‘a ii-shaped 
granules A natural 
zeolite 

2,7(K) 1o 

1 t 

W(*t, process. 

Sand 

f),000 (o 20,000 

4 to 8 

Fu.sed synthetic. 

Not widely used 

4,000 (o 8,000 

4 

(Jlay group. 

Granulated clay* 

.'>,000 to 8,000 

4 


^ Portnm aiul hv tuIl)l(lU^. Not (hiral>I<‘ nnd hmcc not ^vidolv uwd. 


lloth glauconite and a synthetic zeolite, known as Permutit, an» 
widely used in ])ractic(*. IVrmutit is a pr(*ci})itated synthtdic compound 
protect(‘d by ])atent rights. Jt is an artificial sodium Z(‘oIit(‘ (NaAlSiOt - 
tSHoO) tliat w ill exchange the sodium for calcium. Jt has the appearance 
of coarse sand with even-size, hard lustrous grains. It w'ill absorb 
moisture from the atmosphere and must, therefore, be stored in a dry 
place. 

(Characteristics desirable in a zeolite include (1) high operating 
exchange valius which minimizes tlie size of the equipment requireid; (2) 
freedom from aggressive attack by the w^ater being treated; (3) freedom 
from injury when overrun; (4) low' salt reciuirements for regeneration; 
(5) availability and low' first cost; (0) durability to resist the wear of 
rewashing; (7) freedom from the effects of turbidity, iron, manganese, or 
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other fiubstances not causing hardness in the water being treated; and (8) 
a grain of proper size, neither so fine as to cause too great a loss of head in 
operation or in backwashing, nor so coarse as noticeably to diminish its 
exchange value. 

Exchange value and resistance to aggressive attack in precipitated 
synthetic zeolites are indicated by the chemical composition. The 
composition of such zeolites may be expressed as the ratio of Xa 2 (): 
Al 2 () 3 :Si() 2 . Thus, a 1:1 :(> zeolite is one containing 1 mol of Xa20, 1 mol 
of AbOs, and G mols of Si() 2 - Most of the synthetic zeolites on the 
market fall within the range 1:1:4 and 1:1:15. In general, other things 
being e(|ual, an incr(‘ase in the Si ()2 content decreases the exchange value 
of the material but iner(‘ases its resistance to aggiessive attack. 

The glauconites or greensands usually have a lower exchange value but 
are more rugg(‘d than the precipitated synthetic zeolites. In domestic 
installations, where the volume of zeolite involved is small and th(‘ 
intensity of service is low compared with that in industrial and municipal 
use, the precipitated synthetic zeolites are advantageous. Where the 
unsoftened water has not be(*n tn^ated, properly stabilized greensands 
may be desirable, as they are less affected by tur}>idity, iron, or other 
foreign substances; but, unfortunately, be(*ause of the relatively hm 
exchange vahie, they mny demand undesirably large eciuipment. 

The usual salt consum[)tion by greensand is 0.5 lb. of salt per 1,000 
grains of hardm^ss (as (^aCO^) removed. With an efficient gel zeolite, the 
salt consumption may be as low as,0.30 to 0.35 lb. per 1,000 grains 
nunoved. The head loss through a bed of synthetic zeolite is usually 
lower than through a gr(‘<*nsand bed because of the larger and more 
irr(‘gular-shap(‘d particles in the greensand.’ 

604. Hydrogen Exchangers. A hydrogen exchanger is a substance 
that has the power to exchange hydrogen ions for imdallic ions. A 
proprietary substance with these properties, known as Zeokarb,^ is 
nonsiliceous and is n'sistant to aggressive chemical attack. When 
regenerated with acid it exchanges hydrogen ions for metallic ions, such as 
Na, C'a, and Mg, and converts carbonates and bicarbonates to carbonic 
acid, chlorides t(j hydrochloric acid, and sulphates to sulphuric acid. It 
produces an effluent of lower solids content than when sodium chloride is 
used for regeneration. Undesirable acidity in the water treated by 
Zeokarb may be removed by (1) diluting with raw' w'ater, (2) neutraliza¬ 
tion w ith alkaline substance, or (3) absorbing w ith “ De-Acidite,” a 
proprietary zeolite-like substance regenerated with sodium carbonate. 

* See also Hkhrman, \. S., “Progress in Municipal Zeolite Water Softiuiing,” Jour. 
A.W ir A., 1034, p ais. 

* Si'e also \iMM KBM M, S P , and H Hii.K'i. ItuI Eng Chem , January, 193S, p. 80. 
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The ethuent from the last rea(*tion procluees only water and carbon 
dioxide, giving a water of a quality equal to the best of ordinary distilled 
water. 

The reactions that occur are as follows:^ 

(Ca, Mg, or Na 2 )(HC 03)2 + II 2 Z = ((\ Mg, or Xa 2 )Z + 21120 

+ 2Vih (D 

(Ca, Mg, or Na 2 )(S ()4 or CI 2 ) + H 2 Z = (Ca, Alg, or XaslZ + H 2 S ()4 

or 2 H(M ( 5 ) 

^Ca, Alg, or Xa 2 )Z -f* II 2 SO 4 = II 2 Z -f~ (C^a, Alg, or Na 2 ) 

SO, ((>) 

D + (H2SO4 or 2I1C1) - I)(H2S04 + 211(1) ( 7 ; 

D(H 2 S 04 or 2H(1) + XaoCOa = 1) + \a 2 (S 04 or (I 2 ) + H 2 O 

+ (Do (8) 

Where the zeolite is used for the softening of water, the approiu li of the 
zeolite to exhaustion can be indicated by tlie test for alkalinity. The 
exhausted zeolite is regenerated by acid, not by sodium chloride. 

606. Cation and Anion Exchangers.- Cation and anion exchang<Ts 
are being introduced, principally for the processing o,‘ industrial waters, 
not being r(*strict(*d to softening alone. Tlu* former t-w r(‘g('n(*rat(Hl wit li 
acid, the latter with caustic solution. Anion exehang(‘rs an' espe¬ 
cially suitable for nanoving alkali salts in brackish w’at(*r. Th(‘ cation 
exchangers are ('sp('cially suited to the softening of watc'rs of high alka¬ 
linity and for recarbonating lime-softened water. Wlien operat(*d for 
softening tlie cation exchanger may lx* r(*gcn(*rat(‘d (*ither by sodium 
chloride or by an acid. Its capacity on eith(*r tlu* scxlium or hydrog(*n 
cycle is about 1,000 grains of hardness p(*r cubic foot as calcium carbonate*. 
For reg(*ri(*rat ion it n*(juircs 0 .4 to 0.5 lb. of XaC1 or 0.45 lb. of (‘, 0 ° He. acid 
per 1,000 grains of liardiicss, cxpn'ssed as (1i( 1 > 3 . Tlu* rat ing of t he anion 
exchanger (h'pc'uds on the rpiality of the raw' wat(*r and on ope'rating 
conditions. It has an exchange capacity of about 80,000 grains of 
hardness per cubic f(X)t. AVh(*re used for softening it may be reg(*nerat(*d 
with soda ash, r(*(juiring about 0.40 lb. p(*r l,0(K) grains of hardru'ss. 

The water to be tr(*ated by such exchangers should have a turbidity of 
less than 5 to 10 p.p.m. 

606. Softening with Sodium Zeolites. Water containing either, or 
both, carbonate and sulphate hardne.ss can be soften<*d by passing it 
through a layer of sodium zeolite at a temperatun* not to exceed 100®F., 

^ Z riKWis zeolite, I) rneiin.s “ De-Aridite.” 

* See also (Ioi^dey, H. F., “Uonioval of Salts from Wat r,” ./<>/// A.W.W.A., 

March, 1940, p. 435. 
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so as not to injure the zeolite. Calcium and magne'sium are exchanged 
for sodium in accordance with the following reactions: 


XaZ* 

+ 

CttU'ium or 
rnaKiiesiiitn lii- 
rarhoiiaU*, 
haniiiess 

('alciiim 

iiiaKnesium 

71 ‘ohtC 

+ 2NaHC08 (9) 

ScKlilirn 

zeolite 


Sodium biearhoD- 
alo, aoliible, 
not hardness 

NajZ* 

StHliiiin 

zeolite 

+ 

“1 («<>“) - 

Sul(>hute 
h« nlnoHS 

m':)" 

-f* !Na2S04 nO) 

Sodium Ruipbalo, 
soluble*, 
not hardness 

('aZ* 

('alcMiiui 

zeolite 

+ 

NaCl 

Sorliiitii 

rhlorifh* 

NaZ 

Soiliuin 

zoolitf 

+ CaCl (11) 

C’ftli-iiim 

chloride 


Reactions (0) and (10) are softening reactions. Reaction (11) is regen¬ 
eration. In reactions (9) and (10) the sodium passes off with the water as 
sodium sulphate* or sodium carbonate, n(*ither of which causes hardness. 
The effect is to reduce the hardness almost to zero. In municipal 
practice it is the* custom to soften only a portion of the supply to zero 
harelne'ss, mixing it with unsoft(*ned water so that the re*sulting liard- 
ness is ahoeit 50 te> 100 p.p.in., ave*ragiiig about S5 p.p.m. 

Upem the* (*\haustion of the zeolite, the flow of the hard water is cut 
off, and a solution of XaCl is alloweel to stand in contact with the zeolite 
in the se)ftene*r. The soelium in the brine re*plae‘es the calcium and magne*- 
sium in the e*xhausted zeolite, which is thus ivstored, and the calcium and 
magne*sium are* disediarged to waste with the wash water. The zeolite 
is now re*aely for use for softe*ning more wate*r. The pre)cess may be* 
carrie'd on indefinitely withoui renewing tin* zeolite. In practice it may 
be anticipate*d that about 5 pe*r ce*nt of the zeolite will disintegrate and 
wash away annually. The principal expense in connection with the* 
procc'ss is the cost of salt and e)f wash water. 

607. Limitations of Zeolite Softening Process. The zeolite process is 
not applicable to turbid, iron-bearing, or acid waters. Turbid wate'rs 
deposit material on the surface of the zeolite so as to reduce its exchange 
value. Iron-bearing or manganese-bearing waters either deposit hjxlrox- 
ides on the surface of the z(»olite or react with the zeolite to substitute iron 
or manganese* for sodium in the zeolite, an irrev(*rsible reaction. Acid 
waters irreversibly substitute hydrogen for sodium in the zeolite or may 
aggr(*ssively attack the zeolite by dissolving alumina or silica from it, or 
they may reduce the chemical equilibrium to a new' level of base exchange 
capacity.* 

* Z stands for zeolite. 

* ScH' also Bkhrman, A. S., and H. Gustafson, “KfTeet of liOw-pH Waters on 
Zwlitea,” Jvd. Eng. Chem.y November, 1936, p. 1279. 
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The capacity of zeolites in terms of calcium carbonate removed 
depends, to some extent, on the weight of sodium chloride used per unit 
volume of zeolite. The capacity rises with increased salt concentration 
up to a maximum limit. The capacity of zeolites to remove magnesium 
hardness is somewhat less than to remove calcium hardness, and it is 
also diminished in excessively hard waters or in waters high in sodium 
salts. The diminished capacity may be compensated for, in operation, 
by the use of more sodium chloride in regeneration. 

Zeolite softeners retiuire intelligent care in their operation to avoid 
injury to the zeolite, to the equipment, or to the quality of the water. 
Collins^ recommends that the bed of zeolite be flushed annually with 
chlorinated Avater to destroy bacterial gro^^ths; that a regenerated 
softener not in operation should never be left full of wat(‘r for more than 
10 hr.; that when a softener is not in use for more than a week, the zeolite 
should be left unregeneratvd, and the unit should be completely drained; 
that synthetic zeolites, when not in use, should be kept damp but not 
submerged; that the hardness of the water used for washing should not 
exceed 10 grains per gal.; and that the raw w^ater should be neither acid 
nor caustic in character. 

608. Zeolite Water Softeners. A zeolite water softener resembh's a 
rapid sand filter of either the gravity-filter or pressure-filter type, ex(*ept 
that the customary layer of filter sand is replaced by 30 to 75 in., or mor(‘, 
of zeolite sand and there is a slight difTerence in the piping arrang(‘ments. 
Depths of zeolite sand in the neighborhood of 30 in. are most commonly 
used. Although the flow of water through the z(»olite bed may be either 
upward or downward, th(‘ latter is more common in practice as there is 
less danger of carrying zeolite out with the effluent and the filtering action 
of the bed is better. Softeners of the pressure-filter type are more 
(‘ommonly used in industiial or domestic service than for public w^ater 
supplies. The pressure-type softener is sometimes e(piipped with 
automatic r(»gen(M*ation controlled to regenerate either at fixed periods of 
time or in Mccordance with the volume of water treated. 

In addition to the customaiy influent, effluent, and wash-waiter pipes 
it is m^cessary to provide a salt-solution inlet and a salt-solution-and- 
rinse^-water outlet. lh)th inlet and outlet are conn(‘ct(‘d to the under¬ 
drainage system. A section through a zeolite softener of the gravity type 
is shown in Fig. 2.54. 

609. Size of Zeolite Softeners. The factors affecting the volume of 
zeolite required in a softener may be formulated as 


= E9Ii 

G 


( 12 ) 


^ See also Collins, L. F , “A iStudy of Contemporary Zeolites,” Jour, A.W,W 4., 
October, 1937, p 1472 



518 


WATER SUPPLY ENGINEERING 


where Z = volume of zeolite to be used, cu. ft. 

Q = volume of water to be treated between regenerations, gal. 

H = hardness of water, grains per gal. 

G = hardness to be removed between regenerations, per unit 
volume c)f zeolite, grains per cu. ft. 

= a factor whose value depends on the units used 
Glauconite weighs about 90 lb. per cu. ft., synthetic zeolites about 50 
lb. per cu. ft., and salt for regeneration about 00 lb. per cu. ft. Saturated 


' Hard water Intel 



•v,- Soft water discharge 

Fig. 254. —Automatic gravity zeolite water softener. {Jour. A.W.W.A., September, 1932, 

p. 1384.) 


lime solution contains about 20 per cent salt. These units give a measure 
for the estimation of space and weight requirements in equipment and 
plant design. 

The rate of softening, regardless of the hardness of the water, is 
generally in the neighborhood of 2 g.p.m. per sq. ft. of zeolite filter surface. 
In some cases rates two to two and a half times this have been used 
successfully in greensand and four times as high in synthetic zeolites.^ 
The thicker the bed, the greater the permissible rate of softening, but a 
rate of over 2 g.p.m. per scj. ft. is undesirable because of the high velocity 
through the bed which may prevent all the water from coming into 


* S<*o also I’ow KI.L, S. T., “Trends in Zeolite Softening,’’ Jour. A.W.W.A., Novem¬ 
ber, 1937, p. 1722. 
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contact with the zeolite grains for a sufficient length of time. The hard¬ 
ness of the water affects only the length of the period between regenera¬ 
tions; it is not a factor in determining the rate of filtration, but, of course, 
a low rate should be used for hard waters to maintain the length of the 
period between regenerations. 

Two or more softeners should be installed in order that one may be 
producing softened water when the other is being regenerated; or where a 
single softener is installed, a by-pass should be provided for use during the 
time that the softener is out of service and for emergency use. The time 
required for regeneration should not exceed an hour and may be as short 
as 20 min. 

610. Regeneration with Salt. The point at which the softener should 
be regenerated may be determined by a soap le^t of the hardness of th(‘ 
effluent, or it may be regenerated at regular intervals regar(ll(*ss of the 
performance. In some cases automatic devices have been installed for 
the regneration^ of softening units. 

When the time comes to regenerate, the first step is to ba(*k\vash the 
softener in a manner similar to a rapid sand filter, to loosen the piirticles 
and remove any material that might have been deposited on the bed. 
The proper amount of 5 to 10 per cent brine solution is th(‘n either 
introduced into the bed through the perforated und(*rdrainag(‘ system or 
run on to the surface of the bed wdiere it is allowed to stand in contact 
with the entire bed of zeolite during the regeneration period. The brine 
is then flushed out and the unit put back into service, but the effluent from 
it should be wastevl until it shows a hardness of less than 1 p.p.m. 

The softener is not satisfactorily regenerated unlovss the first 10 per 
cent of the water softened between regenerations shows a chloride content 
of less than 10 p.p.m. liigher than that in the unsoftened water and no 
increase in tfie chloride content of the w^ater during the remainder of a run 
betw een regenerations. 

The salt used for regeneration should contain at least 9() per cent NaCI 
and should be free from iron, mud, chips, and other foreign matter. The 
amount of salt reejuired deixuids on the volum(‘ of zeolite present, its 
exchange capacity, and the assumed allowance of salt per unit of hardness 
removed. As salt is the most important item in the cost of zeolite 
softening, every effort should be bent toward the utilization of the mini¬ 
mum possible amount. In general, experience has shown that about 
lb. of salt is used per thousand grains of hardness removed, the minimum 
claimed being 0.2 lb. per thousand grains.^ 

^ See also Applebai w, 8. P., “Development of the Autornatie Z<*oIite Water 
Softener,” Join. A W.W.A., 1934, p. 607. 

^ St'e also Powell, S. T., “Trends in Zeolite Softening,” Jour. A W.W.A., Novem¬ 
ber, 1937, p 1733. 
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Example: Let it be assumed that the unit contains 1,000 cu. ft. of zeolite and that 
it has a capacity, in terms of CaCO^ removable, of 3,000 grains per cu. ft. The unit 
will have, therefore, a softening capacity of 3,000,000 grains. If it is assumed that 
0.5 lb. of salt is required per 1,000 grains of hardness removed, there will be required 
3,000 X 0.5, or 1,500, Jb. of salt to regenerate the unit. Each gallon of saturated 
brine solution contains 2.479 lb. of salt. Approximately 605 gal. of saturated brine 
solution will be required, which should be diluted to 1,740 to 3,480 gal. to form a 5 to 
10 per cent solution. 

In f^rcensand softeners the maximum effieieney is obtained when 
approximately 1.4 lb. of salt is used per eubie foot of zeolite, and the use of 
a larger amount of salt will cause little incr(‘ase in capacity. In no case 
should the amount e\c(*ed b lb. per cu. ft. of zeolite. 

Practice is tending toward the storage of salt in ‘Svet storage,^^ z.c., as 
a saturated brine solution, containing about 25 per cent sodium chloride, 
in concrete tanks painted with salt-resistant paint, such as Tnertol or 
Acron. The more fnnpK'nt the regeneration, the smaller the softener, 
the lower its first cost, th(‘ greater the attention recpiired in operation, and 
the sooner th(' complete loss of softening capacity of the zeolite. Auto¬ 
matic w^at(q’ s()ft(‘ners for municipalities and industrial plants have been 
designed for reg(‘n(*rat ion every t w o hours. Some domestic softeners may 
run for months b(‘tw(*eri r(*g(‘n('rations. The most desirable frecpiency of 
regeneration cannot be fix(»d definitely, because the factors involved are 
not sufficiently well fixed by practice and experience. 

611. Loss of Softening Capacity. I.(Oss of softening capacity may be 
due to such factors as (1) the physical and chemical conditions of the 
grains of the zeolite, (2) the temi)erature of the raw water, (3) the rate at 
which water is passed through th(‘ zeolite, (4) the amount of salt used, and 
(5) the uniformity of distribution of brine during regeneration. No 
deleterious (4Tect on the zeolite seems to result from its operation to 
exhaustion between regenerations. 

612. Washing Equipment. In designing the washing equipment for 
an upward-flow^ wash, a rate of 0 to 8 g.p.m. per sq. ft. of zeolite surface 
wdll expand synthetic zeolites about 50 per cent, and a O-gal. rate through 
greensand will expand it about 25 per cent. A rate higher than about 2 
to 3 cu. ft. per sep ft. per min. may result in disturbing tlie gravel layer, 
causing an und(\sirable mixture with the zeolite unless provision is made 
for holding the grav<4 in place. The wash-water gutters should be high 
enough above the surface of the bed to permit at least 50 per cent expan¬ 
sion without loss of zeolite. In designing the underdrainage system the 
provision of ‘^le-in. holes on O-in. centers will provide sufficient area, 
giving a loss of head of about 8 ft. when washing at an 8-gal. rate. 

613. Control of Municipal Zeolite Softening. Water softened to zero 
hardness by zeolite action requires adjustment of its pll value and cahium 
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carbonate content to be noncorrosive to iron.^ The adjustment is 
important, because undersaturation with (‘aleium carbonate results in 
corrosion, and siipersaturation builds up scale. 

The corrosiveness of unadjusted hot softened water may be so great 
that pipes and equipment can be quickly ruined unless the aggressiveness 
of the water is neutralized. This fact cannot be too greatly stressed. 
The ignorant use of zeolites in softening hot water may be disastrous. 

Since it is uneconomical and unnecessary to produce a water of zero 
hardness for ordinary municipal use, it is customary to soften only a 
portion of the water supply to zero hardness and to mix it with the 
proper quantity of unsoftened water to produce the desired hardness in 
the finished product. 

614. Comparison of Lime-Soda and Zeolite Processes. The two 

principal processes for municipal water softening are the lime-soda and 
the zeolite process. There are certain condilions under whi(*h onv may be 
more desirable than the other, and circumstances may arise justifying a 
combination of the two. A list of the advantage's sometimes attributed 
to each process follows: 


Advantages of the 
Lime-Sod \ Pro('Ess 

1. Suitable for turbid, e)udyl)oate, 
and acid waters where zeolite' cannot 1 m' 
used. 

2. The effluent contains lower total 
solids than that from ze'olite softenine;. 

3. (^ontrol of corrosion prevention is 
comparatively simple. 

4. May be more (*conomical. 

6. Has bactericidal efl'ect. 

6. May he bett(*r for ('\cessively hard 
waters, particularly those high in magne¬ 
sium hardness, and for water high in 
sodium. 

7. Kasily added to an existing filter 
plant. 

8. Frt'edom from patent compli<*a- 
tions. 

9. Freedom from danger of loss or dis¬ 
integration of material. 


Advan'i -\(3Es of the 
ZkoM 1 h I’ROf’KS'i 

1. Freedom Irom sludge. 

2 First cost and opt'rating cost are 
comparativc'ly low . 

3. Free from dangc'r of excess chi'in- 
icals in th<* effl\u*nt. 

4. Imlejicndent of change in ({uality 
of raw water. 

5. No deposits in tlu' distribution 
sy.stc'in. 

0. The chemicals involvisl an* c*asy 
to handle. 

7. Highly skilled labor is unneces¬ 
sary. 

8. Any d(*sir(*d n*duction of liardness 
is attainable. 

9. Tb'pumping is unn(*c(*ssary by the 
use of pri'ssun* soften(*r. 

10. Small spac(* is recpiin'd. 

11. Almost comj)lf*tely automatic. 


SYNTHETIC ORGANIC DETERGENTS 

616. Other Substances Used. Synthetic organic detergents, the 
so-called sulphonated oil soaps and related (*ompounds, and proprietary 

‘See also Bavlis, J. R.. '‘Treatment of Water to Prevent CVirrosion,” I ml. Eng. 
Chem.y July, 1927, p. 777. 
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products usually containing organic compounds are used in the processing 
of industrial water supplies and for domestic purposes, but are not used 
for the softening of public water supplies. The sulphonated compounds 
lather in hard water without producing a precipitate. They include 
sodium metaphosphate, NaPOs, sodium hexametaphosphate (NaPOa),, 
called Calgon* and sodium pyrophosphate, NaaPaOr. In high-pressure 
steam boilers sodium pho.sphate or certain organic compounds may be 
used to inhibit scale formation. These compounds include lignin 
siilphonate, concentrated sulphite waste liquor, and a host of proprietary 
compounds for some of which great claims are made. 

Sodium hexametaphosphate, or (’algon, is a proprietary compound. 
It is a highly sohihle hygroscopic chemical, added in about 25 per cent 
solution, in a concentration of about 1 p.p.m. ('lose control is not 
essential.® The cost of do.sing at this rale is about SI.20 per million 
gallons. 

Tlu'se substances are u.scd also to control the corrosive aggressiveness 
of water, as explained in Sec. 059. 

* See also Jonks, K. K., “The I’h,v.sioloKy of Rodiuin Hexametaphosphate,” Jovr, 
A H' W.A., Sepfemher, p. 1471. 

* See also Rick, Owkn, “The AdvatilaKes of Metupho.sphate over Carbon Dioxide 
for iStaliilization of Lime-softened Water,” Southwest Water Works Jour., Vol. 22, 
p. 21, April, 1940. 
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DISINFECTION 

616. Purpose and Methods. Water is disinfected to kill bacteria and 
thus prevent water-borne disease. Disinfection is not a substitute for 
filtration. It does not improve the physical characteristics of iho water. 
It may have either no effect or a detrimental effect thereon. C^hlorina- 
tion, the most common method of disinfection, fretiuently causes an 
increase in taste and odor. Disinfection usually retjuirt's complicat(Kl 
mechanisms that need the attention of skilled operators to a\<'id break¬ 
down and incorrect dosage. The dangers from the interruption of service 
arc so great that they must be avoided by every means possible. 

Bacteria in water ma}" be killed by chlorination, the addition of ozone, 
exposure to the ultraviolet ray, heating, the addition of lime, and in other 
ways. All microscopic organisms and larger forms of life in water may 
not be removed by all these methods; Endamoiha histoli/ticn are not 
removed by ordinary chlorination. Sterilization by heating is suitable 
only for household use. The expense involved in heating and cooling 
and the undesirable tastes resulting therefrom preclude this method from 
use for large water supf)lies. Sterilization with lime alone has not been 
extensively practiced. It has been found tliat E. coJi will die in water 
with a pll greater than 9.5. Hence, when enough lime is adde^l to bring 
the pH to this figure, sterilization of E. coli occurs. 

617. Chlorination. The use of chlorine has become* })ractically uni¬ 
versal in th(* disinfection of w^ater supplies taken from (pu'stionable 
sources. Knowledge of the mechanism of the effect of chlorine in killing 
microorganisms is needed to explain its selective action that results in its 
greater effectivemess as a bactericide than in killing algae, protozoa, and 
other microorganisms. It is widely believ(‘d that tlie bactericidal power 
of chlorine is dependent on the formation of un-ionized hypochlorous acid, 
HOCl, and that the effect is directly proportional to the concentration of 
un-ionized hypochlorous acid present. It follow^s, therefore, that the 
application of chlorine to an alkaline solution with high pH will be more 
effective than to an acid solution with low pH since* a gr(‘ater con¬ 
centration of the un-ionized acid will be reh*ased at the low pH. For 
equal concentration of chlorine added, other <*onditions being (‘(pial, 150 
times as much chlorine must be added at a pH of 5 than at a pH of 10 to 
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produce the same killing effect. Other conditions that may affect the 
bactericidal power of chlorine include organic matter and turbidityJ 
Organic matter and turbidity react with the chlorine to neutralize it.s 
effect and prevent the formation of hypochlorous acid. Within the 
normal range of temperature of potable water, temperature has little 
effect on chlorine activity. The concentration of chlorine added is 
highly important but, with break-point chlorination control, considerable 
variance is found in chlorine residuals that cause consumer complaint. 

Hypotheses that have been advanced to explain the bactericidal effect 
of chlorine include 0) ihe effect of nascent oxygen, which assumes that the 
decomposition of HOCl releases nascent oxygen that oxidizes the organic 
matter of which the bacteria are composed; (2) the effect of direct 
chlorination resulting from the reaction of free chlorine with the bac¬ 
terial protoplasm; and (3) the fact that toxic substances are formed 
by the reaction of the chlorine with substances in the bacterial cell 
wall. These interfere with further cell division by killing the organism. 
None of these hypotheses fully explains the lethal effect of chlorine on 
microorganisms. 

Although chlorine is used principally for the killing of bacteria, it may 
be applied to water nlso to aid in the removal of iron or manganese, for the 
cleaning of sand filters, for the sterilization of water mains, and for other 
purposes. 

Chlorine may be applied to water with enpial effectiveness in the form 
of bleaching i)()wder or as a gas, or it may be formed in the water by the 
electrolysis of chloride solutions. Its effectiveness as a bactericide does 
not depend on the method of its application. Conditions that may 
affect its results include the (juahty of the water and the period of contact 
permitted. For example, alkaline waters are more effe(*tively clilorinated 
than acid w^aters, and bactericidal action will usually not take place until 
the chloriiK* has reacted with all organic matter susceptible to chlorina¬ 
tion. The addition of chlorine to polluted water is, therefore, inefficient 
and expensive and may be disastrous owing to the creation of tastes and 
odors. 

618. Effect of Chlorine on E, histolytica. Tn order to find a sterilizing 
agent capable of destroying cysts of E. histolytica, w^hich are not satis¬ 
factorily d(\stroyed by chlorine alone, studies have been made- of the 
cyst-penetrating power of (‘hlorine and chloramine compounds in water. 
These compounds are as follows, arranged in relative order of activity: 

' See also CosTK, S M., “A Bacteriologist Ix)ok8 at Chlorine,” Jour A.W.W.A ., 
March, 1942, p 353 

2 See also (''hano, Shih Lr, “Destniction of Micro-organisms,” Jour. A W.W.A., 
November, 1944, p. 1192. 
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Chlorine, CI 2 

Hypochlorous acid, HOCl 

Halazone' 

Dichloramine, NHCI 2 

Siiecinehloramide 

Monochloramine, NH 2 CI 

All these substances, except chlorine and hypochlorous a(‘id, are chlora¬ 
mine compounds; halozone and succinchloramide include sulphurJ In 
the presence of water they break down to produce HOCl, as indicated by 
the following reactions: 

C’OOH<(^^ ^SOaNCU + HjO = rO{)H<(^ )>S() 2 N 1 I ('1 

+ IKK’l (Ij 

^SOjNlK'l + HjO = (X)()ll<[^ 

+ HOCl (2) 

The very important effect of pH on the bactericidal and cyst-penetrat¬ 
ing power of chlorine is to be noted because it may greatly affect the 
concentrations of chlorine required for satisfactory disinfecticm. It is 
generally assumed that the disinfecting effect of chlorine is proport ional to 
the concentration of undissociated hypochlorous acid present and that 
this weak acid is but slightly ionized in acid solution but almost com¬ 
pletely ionized in basic solution. These facts may help to explain why it 
takes 300 times as many units of titrable chlorine at pH 11 than at pH 5.0 
to have an appreciable cysticidal effect on E. histolytica.'^ 

619. Amount of Chlorine Required. The amount of chlorine recpiired 
is dependent on the organic content of the water to be treat(*d, its hydro- 
gen-ion content, the amount of carbon dioxide })resent, its tc'inperatiin*, 
the time of contact, and other factors as well as the desinnl results. In 
practice it is customary to apply the chlorine until the residual founil in 
the treated water ready for the consumer is between a tra(*e and about 0.1 
to 0.2 p.p.m. The amount of chlorine reciuired in practice to produce this 
result is between a trace and 1 p.p.m. 

620. Bleaching Powder and Quicklime. Bleaching powder, or 
calcium hypochlorite, CaOC'b, is a chlorinat(‘d lime containing, when 
freshly made, about 33 per cent, by weight, of chlorine available for 

^Seo also D\kin, H. D., and E. K. Dunham, ^‘The Disinfection of Drinking; 
Water,'’ Brit. Med. Jour.y May 26, 1917, p. 682; Halazone, ibtd, is p-sulphondi- 
chlorarnidobonzoic acid. 

* See also Bkady, F. J , and others, “Effect of Chlorination of Wat<‘r on Viability 
of Cysts of Endamoeba Histolytica,” War Med., April, 1943, p. 409. 
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Htcrilization. The material was used exclusively when chlorination of 
water supplies was first introduced. It is now rarely used in the steriliza- 
tion of public supplies, having been superseded by liquid chlorine. 
II-T-II (high-tost hypochlorite) is a stable, easily soluble, free-flowing, 
nonhygroscopic powder carrying 05 per cent available chlorine. It 
overcomes many of the disadvantages found in the use of bleaching 
powder, and its cost, per unit of available chlorine, is no greater. Per- 
chloron is a proprietary product containing slightly less than 70 per cent 
of availaf)le chlorine. None of these powders is used to any extent in the 
chlorination of public water supplies. They are found more often in the 
chlorination of water mains, filter sands, and storage reservoirs and under 
emerg('ncy conditions where liquid chlorinators are unavailable or 
unsuitable.* 

It havS been found that the application of (juicklime, CaO, to water in 
doses of about 12 grains per gal. has a distinct bactericidal effect. 

621. Handling Chlorine. Gaseous chlorine is a greenish-yellow 
poisonous substance, with a typical odor, and is a})out 2.5 times heavier 
than air. Li([uid chlorine is an amber-color(‘(l oily li(|uid about 1.5 times 
heavier than water. A unit volume of liquid at 0°(\ and a pressure of 
77() mm. of mercury gives 4()2 units of gas. The gas will neither burn nor 
explode. In the presence of water or water vapor it is extremely active 
chemically and will combine rapidly with most metals. The dry gas is 
('xtreniely corrosive to metals at temperatures above 3()()°F., and it may 
become corrosive at 1 t)5°F. Gommerchil liquid chlorine is anhydrous and 
about 99.5 per cent pure. 

The dry gas and li(|uid chlorine can be stored safely and indefinitely in 
st(‘el cylinders, under proper conditions. C\ylinders are constructed 
under specifications of the Interstate (\>mmerce Commission to hold 
from 100 lb. of chlorine to more than a ton for the largest containers. 
The cylinders an* usually filled to 80 per cent of their capacity with liquid 
chlorine at ()8°F., although they may legally be filled to 88 per cent 
capacity at 70°F. They are built to withstand a bursting pressure of 
about 5(K) p.s.i., corresponding to a temperature of about 190°F. Cyl¬ 
inders should b(* kept below^ 150°F., should i)e stored upright, and should 
be carefully handh'd, rolling or dropping being dangerous. 

Care must be taken to prevent the escape of liquid chlorine, because of 
its highly toxic nature except in high dilution. It is desirable to have gas 
masks in good condition available wherever chlorine is stored or used. 
Minor leaks in chlorine apparatus can be detected by the use of ammonia 
fumes which combine with the chlorine to form dense white clouds of 

* S <‘0 also Kienle, J. A., ‘‘Where Dry Hypochlorites Pay in Water Works Prac¬ 
tice,” Water Works A* Seicerage, October, 1932, p. 359 
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ammonium chloride. Since chlorine gai> is heavier than air it will 
accumulate first in low places and near the floor. 

Dangerous compounds may he formed when chlorine comes in 
contact with other gases. For example, the escape of chlorine into a 
poorly ventilated space containing carbon monoxide will result in the 
formation of phosgene, a highly toxic gas used frequently during the 
First World War. In the use of ammonia in connection with chlorine, in 
the chloramine process, care must be taken not to mix the gases before 
they are applied to the water, because of the danger of forming the highly 
explosive substance nitrogen trichloride. 

Steel burns brightly in dry chlorine, with great evolution of heat, at 
temperatures above 194°F. It is essential, therefore, that the chlorine be 
kept in a cool well-ventilated room until ready for use. The temperature 
in the dosing room may be raised to 100 or 110 ®F. to enhance the volatil¬ 
ization of the liquid. Liquefaction of chlorine in the chlorinnlor or in 
cooler portions of the pipe line carrying chlorine vill result T the con¬ 
tainers are stored at higher temperatures. Tlic (‘hlorine gas, if dry, may 
be conveyed to the point of application in pip(‘S of any servicf'abh* 
material, but, if moist, rubber, glass, or silver may be used. However, 
neither hard nor soft rubber may be used with liquid chlorine. The pipe 
should be at least ‘^4 in. in diameter and arranged t») drain back without 
traps into the container. Otherwise drip legs may be provided at low 
points to collect any condensate. If the room is insufficiently heated the 
upper portion of the drip traps may be insulafed and the Ionvct portion 
kept warm by a KHMvatt electric light bulb. 

The ventilation of the room should admit air, under forced draft, near 
the ceiling and permit the escape of chlorim* at the floor level. Steam 
eductors are highly satisfactory for this purpose, as the steam (quickly 
absorbs the chlorine, solving the disposal problem. 

Some recommendations made by a committee of the Ameri(*an Water 
Works Association’ for the handling of chlorine in(*lude the following: (1) 
Never connect a full container on to a header with other containers until 
temperatures (pressures) of both are approximately the same. (2) Never 
apply flame or blow torch to a container. (3) Keep valves closed . . . 
except when delivering chlorine. 

622. Application of Chlorine. Chlorine gas may be fed directly to the 
point of application to the w^ater supply, or, preferably, the gas may first 
be dissolved in a small flow' of water and the solution fed to the point of 
application. Direct application of chlorine to the water to b(‘ treated is 
less satisfactory because of unsatisfactory diffusion, possibility of the 

^ AnuTican Water Works Association, “Wat(*r Quality and Treatment Manual,” 
1940, p 141. 
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concentration of chlorine around the diffuser at low temperatures, and 
possibility of corrosion in pipes and valves resulting from accumulation of 
undissolved gas. On the other hand direct application is less expensive 
than solution-feed application. 

623. Application of Liquid Chlorine. Chlorine is most effective when 
applied to filtered water at such a point that adeciuate mixing is assured 
and a period of contact of not less than 10 to 15 min. is provided between 
the chlorine and the water before the chlorinated water reaches the user. 
The application of chlorine to a reservoir or a suction line is usually to be 
preferred to application to a pipe under internal pressure. Where 
chlorine is applied under pressure, it is found to be as effective but not so 
easily handled. The use of direct-feed chlorinators is limited to pressures 
of 25 to 30 p.s.i. in the delivery pipe, whereas solution-feed eciuipment will 
carry to any pressure. 

Provision is usually made to mix the chlorine and the water immedi¬ 
ately after application and during the period of reaction. Tliis provision 
need not be elaborate, the mixing and the time in the distributing mains 
frequently being adeciuate. Care should be taken in the design of a dis¬ 
tribution system that water cannot be drawn from the mains in a shorter 
time than about 15 min. after the application of the chlorine because of 
possible ineffectivenciss of the chlorination in a shorter time or of the 
re(;cipt of overdoses of chlorine. 

624. Liquid Chlorinators. Reliable and satisfactory apparatus for the 
application of chlorine td water are available and are in extensive use. 
One form is illustrated in Fig. 255. 

(^are is necessary to keep such machines and the lines leading to them 
free from dirt and deposits to avoid fluctuations in their operation and 
other difficulties. Gummy deposits of material collected from the lines 
by the (ihlorine occur in the orifices or on the bell jar. Such material may 
come from the pipe linings, oil used in valve packing, etc., and from 
unsatisfactory cleaning materials. Only the methane derivatives such as 
chloroform, wood alcohol, or carbon tetrachloride are satisfactory for 
cleaning chlorine ecpiipment, as they are not converted into troublesome 
solids by the chlorine.^ 

625. Determination of Residual Chlorine. It is desirable to know 
something of the method of determination of residual chlorine before a 
conclusion can be safely based on the results reported. Five methods are 
recognized by a Committee of the American Water Works Association.- 

^ See also Cox, C. H., “Equipment for the Chlorination of Small Water Supplies,” 
Jour. A.W.W.A., 1934, p. 1587. 

* Committee of American Water Works Association, Jour, A.W.W.A.j October, 
1943, p. 1315. 
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The orthotolidine method is probably most widely used. However, 
the method is not foolproof as substances in the water may interfere with 
the results obtained, and impurities in the chemicals used in making 
up the solutions may likewise affect the result. Interfering substances 
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include nitrite, ferric compounds, manganic compounds, organic iron 
compounds, lignocellulose, and algae. The elTcct of these substances is 
to increase the apparent content of chlorine. Suspended matter, 
turbidity, and color may affect the test results. It is appanmt that the 
standard orthotolodine test for chlorine must be conducted under well- 
controlled and understood conditions in order to avoid error in the 
interpretation of its results. 

The iodometric method can be made more precise than the ortho- 
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tolodine method, particularly when residual chlorine is greater than 
1 p.p.m. Colorimetric methods for the iodometric determination of 
chlorine are available. 

The amperometric method is the only procedure known that will 
differentiate between free chlorine and free chlorine combined with 
nitrogenous compounds. The test is known as the Laux ‘‘flash” test. 
This is a colorimetric test in which the color must be standardized. It 
is rendered inapplicable in the presence of oxidized manganese. 

The chlorine-demand iesl involves the determination of the chlorine 
demand of a water by either the orthotolidine test or amperometric 
methods. It is of use mainly in the control of the break-point methods of 
chlorination control. 

The drop-dilution test is a rapid field method applicable especially 
where chlorine concentrations are greater than 10 p.p.m. as in water-main 
sterilization. The method is a modification of the orthotolidine test, 
using orthotolidine as a reagent. The chlorine-demand test for field use, 
depending on orthotolodine reagent, gives only rough approximations of 
the true chlorine demand. 

626. Tastes and Odors Due to Chlorine, ''fhe addition of chlorine to 
water may result in an unpleasant taste, due to the presence of too much 
residual chlorine or to a coml)ination between the (‘hlorine and matter in 
the water. Tastes may be avoided by adding a larger amount of chlorine 
than is re({uired for st(M*ilization alone, called “superchlorination”; by 
superchlorinatioii followed by aeratipn; by superchlorination, a long 
period of contact, followed by dechlorination; by chlorination before and 
after filtration, callcMl “double chlorination”; by chlorination preceding 
filtration; by chlorination after filtration; by the use of ammonia in 
conjunction with prechlorination or double chlorination; by lowering the 
pH of the w’ater to assure a more rapid dissipation of the residual chlorine; 
by passing the watcu- aft<*r chlorination through a filter of activated 
carbon; or by various (*oml)inations of these methods.^ 

(dilorophenol tastes are the most difficult to combat because of the 
very faint traces of phenol that will produce noticeable results. Tests 
made by Howard* at Toronto showed that iodoform tastes were observed 
in the filtered water with a phenol content of O.tKIO p.p.m. after chlorina¬ 
tion wdth 0.2 p.p.m. of chlorine. Authorities differ as to the concentra¬ 
tion of phenol necessary to prcKiuce tastes in water wdien chlorinated. 

^ See also IIowaud, N. .1., “.Modern Praetiee in th<‘ Rt'inoval of Taste and Odor,” 
Jour. A.W.W.A., Vol. U, p. 766, 1922; and Enslow, J. H., Jour. A.W.W.A., Vol. 18, 
p. 621, 1927. 

* Donaldson, W., and H. W. Furman, “Quantitative Studies in Water Supplies,” 
Jour. A.W W.A., Vol. 18, p. 605, 1927. 
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Thresh, in the Nineteenth Report of the Metropolitan {London) Water 
Board, reported that as little as 0.(XX)2 p.p.m. of phenol with 0.25 p.p.m. 
of chlorine produced a taste. 

The presence of ().(X)5 p.p.m. of iodine in water may result in iodoform 
tastes after chlorination. Superchlorination and oxidation with potas¬ 
sium permanganate may overcome them, hut dechlorination with sulphur 
dioxide has no effect. The use of activated carbons is reported by h^llms 
to have beneficial effects in removing such tastes. 

Difficulties have been encountered with tastes due to chlorinated 
water that has been in contact with coal-tar pipe coatings. 

627. Prechlorination, Double Chlorination, and Superchlorination. 
These have been defined on page 530. It has been found that double 
chlorination is advantageous under some conditions. Pre(*hlorination 
will reduce* the bacterial load on the filters so as to minimize the pe)ssibil- 
ity of the passage of bacteria into the filtered \vat(*r, without diminishing 
the efficiency of filtration. The amount of (‘oagiilant reejuired may also 
be reduced because of the oxidation of the orgaidc matter by prechlorina¬ 
tion. Advantages claimed for prechlorination include* (1) reduction of 
bacterial load on the filters, (2) increased factor of safety, (3) better color 
removal in certain instances, (4) increased filter runs, (5) control of 
plankton in basins and filters, ((>) deferred putrefaction of settling-basin 
sludge, and (7) elimination of tastes and odors. Despite the advantages 
of prechlorination, post chlorination should not be abandoned, because of 
the safety liarrier iiit(*rposed by it. 

Double, or multij)le, chlorination refers to the* application of chlorine 
at two or more j)oirits in flu* jnirification process, .\mong the advantages 
of double chlorination are: the lightening of the load on the filters; the 
maintenance of two cliloriiiating plants serves as a factor of safety; the 
exposure of bacteria to high concentrations of chlorine* for short periods of 
time is more effective than exposure to small conc(*nt rat ions for a long 
period of time; the long period of r(*tention in the* coagulating basin 
l)ermits relatively large* overdoses of chlorine* b(*fore* fre*e* chlorine* appears 
in the filter efHu(*nts; tastes and oelors are redue*e*d; algae* and slime are 
avoided in coagulating basin anel filters; ce>agulatie>n is aided.- 

Superchlorination is oe*e*asionally used to elestrejy exlors anel tastes. It 
has been used to destroy the taste re.sulting frem cliloro- proelue*ts formed 
between the dee*omposition produe*ts fre>m vegetable* matt(*r and algae in 
the raw water anel in the coagulateel \\ate*r. Raw-water clilorination, 
preceded or followeel by the application of ae*tivated carbon, is a widely 

1 Norcom, G. J)., “(bntrol of Odor Marks Progress- in Sterilization,” Eng, Neiva- 
Record, June 8, 1933, p. 745. 

* Cox, C. H., Jour. A.W.W.A., Vol. 16, p. 55, 1926. 
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followed practice to destroy tastes and odors. The excess chlorine may 
be applied at any point, or points, in the purification process. After 
filtration is the time at which it is most frequently applied. The excess 
chlorine must thereafter be removed to avoid chlorine tastes in the water. 

The best point, or points, and the desirable amount of chlorine to 
apply at each point are determined by trial. In general, the minimum 
amount of chlorine necessary to sterilize water will be required by the 
postfiltration application of the chlorine. At this time there is the least 
amount of organic matter in the water to consume the chlorine, its effect 
being concentratenl on the remaining bacteria. Although the amount of 
chlorine recpiired is incTeased by its application at other points, the results 
of purification may be improved.^ 

628, Dechlorination, The purpose of dechlorination is to remove 
excess chlorine from the water before distribution to the consumer to 
avoid chlorine tastes. Dechlorination may be a(*(*omplished by applying 
sodium thiosulphate, sodium bisulphite, or sulphur dioxide, as a gas or in 
solution, to the water. The sulphur dioxide gas is applied in much the 
same manner as chlorine is applied, with a contact period for dechlorina¬ 
tion of not l(‘ss than 10 to 15 min, hL\penen(*e has shown thal 0.3 to 0.0 
p.p.m. of sulphur dioxide may be re^piired for success with dechlorination. 
The relationship between suli)hur dioxide and an excess of chlorine is 
about l.O part of chlorine to 1.12 parts of sulpur dioxide. This is about 
25 per cent in excess of the theoretical requin^ments. Dechlorination 
may also be accomplished by treating the water with magnesium metal,- 
by prol()ng(*d storage of the water particularly when exposed to sunlight, 
by aeration, and by \hv use of activated carbon. 

Potassium permanganate may be used with success for the removal 
of chlorine tastes. The procedure calls for its addition to the water in 
concentrations less than 0.3 p.p.m. 'Die potassium permanganate is 
applied to oxidize the organic matter preceding chlorination. When it is 
used, care must be exerciser! to correct for the effect of manganese on the 
orthotolidine test for rexsidual chlorine. 

629. Break-point Chlorination. If chlorine is added to water that has 
no chlorine demand the concentration of residual chlorine should equal 
the concentration of applied chlorine, as indicated by line A in Fig. 25(). 
If, however, the water does have some chlorine demand and chlorine is 
added in ever-increasing concentration, the relation between app)lied and 
residual chlorine may appear as indicated by line B. Point I) on line B is 

‘ “Double C'hlorinutioii at Quincy, Illinois,” Ei'ig. Ncws-Re(ordj Vol. 100, p. 407, 
1928. 

* See also Rac’H, H., “Treating Water with the Aid of Magnosiuni Metal,” Water 
Works d' Seiverage, .hily, 1934, p. 241. 
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called the ‘'break point.” The break point in the chlorination of water 
may be defined as the point on the applied-residual chlorine curve at 
which all, or nearly all, the residual is free chlorine. 

The shape of line B results from the fact that when chlorine is first 
applied the immediate chlorine demand results in the formation of stable 
chlorides and some unstable chloramines. The latter give color in the 



conventional orthotolodine test and are reported as residual chlorine. At 
point C on the curve the increasing concentration of the appli(*d chlorine 
breaks down the chloramines that have been r(*cordc‘d as residual cliJorine, 
and the true residual free chlorine is revealed at point I) when* chlorine 
demantl has been satisfied. 

It has been found by experience that the application of chlorine at, or 
slightly higher than, break-point concentration will remove tastes and 
odors, will have adequate bactericidal efTecd, and will leave a desired 
chlorine residual. Unfortunately the universal adoption of the method is 
made difficult by the fact that all waters do not present a distinguishable 
break point, and in some the (*hang€*s in the (juality of the raw’ w’ater may 
effect rapid changes in the break point. The break point is caus(*d by the 
presence of nitrogen compounds in the w'ater. The break point is dis¬ 
tinct with ammonium sulphate, but when nitrogen is in the form ol 
amino-acetic acid it is quite indistinct. In some cases a recognizable 
break point has been induced by the addition of ammonia as NH3, 
NH4OH, or (NH4)2S()4. 
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Before attempting sterilization by break-point chlorination, labora¬ 
tory tests should be made to show that the process is practical on that 
particular water. 

630. Chlorine-Ammonia Treatment. The application of ammonia* 
to water prior to the addition of chlorine has the advantages of (1) the 
prevention of tastes, particularly those due lo phenols; (2) the control of 
microorganisms in settling basins, lilteTs, and the distribution system, due 
to the possibility of dosing heavily with chlorine and the carrying of high 
chlorine residuals without the production of tastes; (3) stronger bacteri¬ 
cidal effects than with chlorine alone where considerable quantities of 
organic matter are present; (4) longer period of persistence of the bacteri¬ 
cidal effect, which inhibits aftergrowths; (5) reduction of chlorine require¬ 
ments; (()) a reducing action which renders its effects independent of the 
presence of organic matter; (7) less irritation of the eyes and nose, 
resulting in its use in swimming pools; (8) operators, no longer fearing to 
overdose with chlorine, will feed an adeejuate dose; and (9) fi*eedom from 
danger, since chloramines ar(‘ nontoxic and involve no danger either to 
employees or to consumers. 

Abstracts from conclusions made by a committee' of the American 
Water Works Association^ are as follows: (1) The process is a means for 
disinfecting w'ater wh(*re chlorinous tastes and odors must t)e limited. 
(2) The method will maintain residual chlorine values in distrilnition 
systems and other parts of the water supply. (3) The treatment should 
be adopted only after compl(*te investigation of its efficacy under local 
conditions, (4) The treatment must be carefully controlled, residuals 
maintained must not be less than twice those found effective with chlorine 
alone, and a minimum jicriod o^’ contact of 2 hr. must he provided. (5) 
When taste control is not a factor, chlorine may be added in advance of 
ammonia to obtain rapid disinfection followed by the application of only 
sufficient ammonia to react with the chlorine to maintain adecpiate 
residual chlorine concentrations in the di.stnl)ution system. (0) The 
orthotolidine test should be used to measure chloramine residuals. (7) 
The control of algae by the use of copper sulphate' in conjunction with 
chlorine and ammonia is no more effective than the use of copper .sulphate 
alone. 

It is important that the ammonia be applied at the right point and 
that adequate mixing and time of contact be provided before the applica¬ 
tion of the chlorine. This time should he between 20 min. and 1 to 2 hr. 
The ammonia may be applied at any con^'enient point, an open reservoir 

* See also (Griffin, k. K., .l/a. Jour. Pub. Htalth, Mar(4i, 1037, p. 22t). 

* Committee American Water Works Association, Jour. 4.ir.U^A., December, 
1041, p. 2079. 
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or a clovsed conduit, where the efficacy of application has been proved by 
experience. Because the ammonia dissolves (juickly in the water but does 
not diffuse readily, it should be mixed by mechanical means. It should be 
released near the bottom of a reservoir, because its specific gravity is 
lighter than water. The period of contact may be from a few minutes to 
a few hours, but it must not be made too long, because the ammonia is a 
food for nitrifying bacteria which may remove the ammonia before it is 
available for the action of the clilorine, resulting in an increase in the 
bacterial and nitrite content of the filtered water.^ The resistance of 
these bacteria makes it appear impracticable to control nitrification by 
chlorination.^ If insufficient chlorine is added to carry a residual through 
the filters, the addition of more chlorine will probably cause tastes, as 
chloramines do not remove phenols from water, and the post addition of 
chlorine, unprotected by ammonia, will cause phenol tastes. 

It has been found that the application of approximately 0.25 p.p.m. of 
ammonia, Nils, is sufficient in most cases to prevent tasic' production 
when followed by chlorination. The theoretictil ratio of chlorine to 
ammonia is 4:1 at pH 8.5 and 8:1 at pll 4.5. Ratios should vary with 
pll values. In practice it has been found that ratios of 3:1 to 2:1 will 
produce satisfactory results. 

Ammonia gas is highly soluble in cool water, making its addition to 
the w'ater easy. It can be a})plied through device's similar to those' usenl 
for the application of liepiid chlorine. The ammonia water sliould be fenl 
direH'tly to the public wate'r supply through an e>rifice box. 44i(' cost of 
this treatriKMit has been found to be? about 40 to 00 cents per milliem 
gallons of water treated.^ 

631. Handling Ammonia. Care must be taken in the handling of 
li(piid ammonia, as in the hanelling ol liejuid (dilorine Both may be 
dangerous to lif(' and destructive of propc'rty if allowc'd to e'seape from 
tlie'ir containers. A mixture of ammonia and air in the ratio of 1:5 is 
inflammable. Whem moist, ammonia is corrosive to me'tals, is highly 
irritating to the mucous membranes, and is especially corrosive to copper 
and coppc'r-bearing alloys. Ammonia containers should be stored under 
conditions similar to those recommended for the storage of chlorine 
containers. 

^ See also ITulbkrt, R., '^\ninioiffa-ehIorine Troatin(‘nt Yi('Ids Nitritt*s,^^ Eng, 
Newfi-Iiecordj Sept. 4, 1933, p. 315. 

2 See also Febkn, D., ‘‘Nitrifying Baeteria,” Jour, A ,W.W.A April, 1935, p. 439. 

•‘See also McAmis, J. \V., Jour. AAVAV A., Vol. 17, p. 341, 1927; SPAruuNG, 
C. H., Jour. AAVAV.A., Vol. 21, p. 1085, 1929; Harrison, L. B., Jour. A.W.W.A., 
Vol. 21, p. 542, 1929; Jenne, L. T.., and IT. R. Welskord, Ind. Eng. Chnn., Vol. 23, 
p. 32, 1931; Koshki.n, M. L., Jour. A.W.W.A.f Vol. 27, p. 1477, 1935. 
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632. Chlorine Dioxide. The application of chlorine dioxide, CIO 2 , 
to water for the control of tastes and odors has recently been introduced 
into water-purification practice. Because of the greater chemical 
activity of chlorine dioxide than of chlorine in combining with organic 
matter in water, the disinfection of polluted water with chlorine dioxide 
may not be economical. Ridenour and Tngols*'^ report the bactericidal 
properties of chlorine dioxide to be as great or greater than chlorine. The 
action is relatively unaffected by pll values between 0.0 and 10.0. This 
is important in waters of high alkalinity. 

The procedure in the use of chlorine dioxide involves chlorination for 
disinfection followed by the application of chlorine dioxide to destroy 
tastes and odors. (Viagulation and filtration may precede or follow 
chlorination and precede the application of chlorine dioxide. Chlorine 
dioxide is an unstable gas that must })e manufactured and used immedi¬ 
ately. One recommended method is to pass chlorine gas through sodium 
chlorite. The reaction forms sodium chloride and chlorine dioxide gas. 
At room temperature* tliis gas is soluble in water to the extent, of 2,900 
p.p.m. The* dose re((uir(*d for effective taste and odor control has varied 
in practice between 0.5 and 1.5 p.p.m. of chlorine dioxide. 

633. Ozone. Oxygen may exist in the form of molecules containing 
one, two, or three atoms. A single atom of oxygen is known as “nascent 
oxygen.It is extremely active chemically. It will exist independently 
only mornenlarily, seeking to combine immediately with other atoms of 
oxygen or wit h otlu'r substances. A niolecule containing two at oms is the 
natural condition of oxygen gas. A molecule containing three atoms is 
(izone. It is an unstable gas that tends to break down into normal 
o\yg(*n containing two atoms of oxygen per molecule. In the process 
of breaking down it r(*leases nascent oxygen which is active in oxidiz¬ 
ing the organic matter and in killing bacteria present in water exposed 
to it. 

.\dvantages claimed for the use of ozone include (1) no disinfecting 
chemical remains in the water; (2) odors, taste, and color are removed; (3) 
the pro(‘ess is not exp(*nsive. However, the cost is greater than for chlo¬ 
rination, the apparatus recpiired is complicated, and the absence of resid¬ 
ual chemical providers no safeguard against subseciuent contamination. 

* Sc'o also Synai’, J. F., and others, “C’hlorinc Dioxide A New Development in 
the Treatment of Potable Water,” Jour. New Engl. Water Works Assoc., September, 
1944, p. 3; and IMacLkan, W. D., “Treatment with C’hlorine Dioxide,” Water and 
Sewage, May, 1946, p. 21. 

* For the use of ehlorine dioxide in the removal of lasts and odors, see Sec. 649. 

*Hn)ENorR, Cl. M., and It. S. Inools, “Bactericidal Properties of C’hlorine 

Dioxide,” Jour. A.W.W.A., June, 1947, p. 561. 
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Hann^ states that the power cost may vary between one and several 
dollars per million gallons, dependent on power rates and ozone reciuin^ 
ments. To generate and apply 1 lb. of ozone will require 14 to 1() kw.-hr. 
It is economical to apply ozone only to clear filtered water so that the 
ozone demand may be less than 2 to 3 p.p.m. Adequate disinfection ill 
be obtained with a residual of 0.1 p.p.m. or more. 

Ozone is manufactured b}^ the silent discharge of a high-tension 
electric current passing through a stream of air in an enclosed chamber. 
It must be mixed intimately with the water to be treated, since its 
solubility in water is slight and the process is inefficient \\ithout the best 
mixing. The mixing may be accomplished by allowing ozone to bubble 
up through the water or by allowing the gas to rise through a tower filled 
with pumice stone down which the water is trickling. 

The process has been used more extensively in Europe than in the 
United States.^ p]uropean experience shows the use of about 40 to 85 
watt-hr. per 1,000 gal. of water treated. PiUglish experience at Ashton in 
the treatment of a reservoir water infected with algae and with a swim¬ 
ming-pool water at Scarborough* is summarized in Table 89. 

Tablk 80. Knousii Kkcerikncu with Ozone 


1 



Scarborough 

Ashton 

Air flo\\, c.f rn 

<)33 

817 

Cycles, alternating current 

570 

500 

VoItag(‘ 

3(K> 4,250 

10,(KK) 20,000 

Ozone (lose, p p m 

Watt-hours per 1,(X)0 gal 

' 0 45 0 8 1 

' 1 

50 

Watt-hours p(‘r gram of ()> 

29 , 

29 


634. Ultraviolet Ray. The ultraviok't ray offers an effective method 
for the sterilization of clear water. The light is effective in killing both 
active bacteria and spores, which are difficult to exterminate by other 
means. No adeMpiate explanation of the 1(4hal po\\(‘rs of high-fre(iuency 
light-ray vibrations has b(*en offered. Tliat no toxic substance is 
produced in the surrounding medium is demcmstratc^d by the survival of 
organisms protected from the ra 3 ^s in the same mt'dium in which exposed 
organisms have been killed. The destructive pow(T of light f>egins in the 

^ Hann, Vk’tok, “Ozoiio Troatmont of Water, Jm/r. A,W.W,A,f May, 1U43, 
p. 585. 

* See also Whitson, T. B., “Th<> Treatment of Water by Ozone, Jour. Inst. Civil 
Eng , Vol. 21, p. 83, December, 1943. 

® S(*e also OvERFiELD, IT. V., Ozone Treatment of Water at a Swimming Pool,” 
Water and Water Eng., October, 1943, p. 427. 
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blue-green region of the spectrum with a wave length of 0.490/i and 
increases in effectiveness to 0. l49/i. In this connection, it is interesting to 
note that the shortest visible violet rays have a length of 0.410^1 and the 
longest visible red rays a length of 0.810/4. 

The ultraviolet-ray machine consists of a mercury-vapor lamp 
enclosed in a quartz globe. The conditions necessary for the effective 
operation of the sterilizing machine are that all the water shall flow in a 
thin clear film close to the sterilizing ray. The water should be well 
agitated (but not mixed with air), and the exposure to the ray should be 
continuous. 

Ultraviolet lamps commonly use 220-volt dire(*t current and about 3^ i 
amp. The effective penetration of the ray in clear and colorless water is 
about 12 in. 

Ultraviolet-ray sterilizers are used for private water supplies, such as 
for office buildings, institutions, and particularly swimming pools. 

The amount of current consumed is dependent on the type of the 
machine and whether one or a number of machines are used in series. A 
single machine can be expected to consume about kw. in passing 120 
gal. of water in 1 hr. Two large machines in s(‘ri('s consumed 1.54 kw.-hr. 
while deliv(*ring 3,000 gal. of water.' At Ih'rea, Ohio, the cost of tn^at- 
ment was $4.52 per million gallons with current at 1 cent pcT kw.-hr.- 

636. Oligodynamic Action of Metals. Oertain metals, particularly 
silver*'' w^hen immersed in water have be(m observed to exert an inhibiting 
action on bacterial life*. The proc(»ss is in the experimental stage, there 
being no installations of the type for the sterilization of a public water 
supply. In this ])rocess^ silver, with or without activators,such as 
palladium or gold, is deposit( h 1 on the surface of sand, porcelain, or filter- 
candles. Water is then passed through the filter or allowed to r(*main in 
contact with the silvered surface for a certain time. Although gi-eal 
claims have been made for the advantages of the process, thei-e have been 
no applications where practical experience might support these claims.' 

' 8eo also “Water Purification with Ultra-violet Light,” Pluwlxrs' Trade Jour., 
Vol. 73, p. 897, 1923; Vol. 71, p. 3(>, 1924. 

* See also Sprincjkh, J. F., “Water Purification with Ultra-violet Light,”/'///> 
ll'orA's Maifnziiie, October, 1931, p. 39. 

’See also Ooetz, A., “Water Sanitation with Silver,” Jour. /I.IU.IF..! , May, 
1943, p. 585. 

^ See also Oibbard, J. II., “The Treatment of Water w ith (Vrtain Forms of SilvtT,” 
Am. Jour. Pub. Health, September, 1933, p. 910. 

^ See also Moiseev, S. V., “The Sterilization of Drinking Water by Sil\(*r Coated 
Sand,” Jour. A.IF.IF..!., February, 1934, p. 217; Sci-klino, K. V., “The St(‘rili 7 .ation 
of Water by Katadyn Silver,” Water and Water Eng., Dec. 21, 1931, p. 625; JrsT and 
SzNionis, “Germicidal Pioperties of Silver,” Jour. .4.UMF.A., April, 1936, p. 492. 
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636« Excess Lime. The name excess lime” has been given to a 
process of water purification in which sufficient lime is added for softening 
and clarifying purposes and, in addition, to exert a bactericidal effect. 
The necessary dose of lime is between 10 and 20 p.p.m. of calcium oxide. 
After its bactericidal effect has been exerted the excess lime must be 
removed, preferably by any one of the various methods of recarbonation.' 

637. Control of Microscopic Organisms. Growth of microscopic* 
organisms in a lake or open reservoir may be controlled in whole or in part 
by tlic construction or method of operation of the reservoir; by the appli¬ 
cation of toxic chemicals, commonly called algicides, such as copper 
sulphate, chlorine, and chloramine, which are used in public water 
supplies, and compounds of mercury or other heaAy metals, oxidizing 
agents, acids, caustic alkali, and other toxic substances used in industrial 
and small water supplies under exceptional circumstances; and by 
physical methods such as aeration, sedimentation, cutting wecnl , cleaning 
the reservoir, or (‘hanging the quality of the water. 

In the construction of a reservoir to inhibit the growth of c('rtain types 
of microscopic organisms, shallow rea(*hes and stagnant areas should be 
avoided. In general, it is undesirable to impound water high in organic 
matter drawm from a swampy ar(*a or to store ground water or treated 
waters in open resc'rvoirs. In the operation of a ivscrvoir, care should be 
taken to prevent the sec'ding of the reservoir by the admission into it of 
water impregnatc^d with organisms. The admission of microscopic 
organisms into a water supply may be avoided by drawing the water from 
depths at which undesirable organisms are not found or by allowing a 
contaminated reservoir to r(*st until the crop of undesii-able organisms has 
disappeared. Water drawn from a reservoir may be* fr(H*d from micro¬ 
scopic organisms by aeration or by chlorination appli(*d to the flowing 
w'at(*r. 

It is usually preh'rable to treat infected w'at(*r continuously at the inlet 
to a reservoir, a distribution system, or other container than to attempt 
the d(*st met ion of large mass(*s of zooglo(‘al matter that has accumulatc'd in 
them. In other words, prev(*ntion is (*asier than r(*moval. Souk* 
important considerations in the removal (ff mi(‘r()scopic organisms an*^ as 
follows: (I) Certain algal spores can resist any form of algicidal tr(*atment 
and will later develop on n^aching a suitable (mvironrnent. (2) Wh(*re 
any portion of the raw' water is exposed to light for a lengthy period in the 

^ See also Hoi’ston, Alexander, Munir. Sanit., April, 1932, p. 148. 

* Nason, II. K., “('h(*mieal Methods in Slime and Algae Control,” Jour. A.W. 
W.A.f March, 1938, p. 439. 

^llesBANi), J. W., “Algal (Growths and Water Supply,” Water arul Water Eng.y 
Vol. 35, p. 765, 1933. 
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purification works, several successive applications of algicide may be 
necessary to prevent growths and may be preferable to a single applica¬ 
tion. (3) Applications of algicides should be made at points immediately 
before the water approaches any known focus of algal development. 

(4) Certain organisms multiply at certain times of the day, and a concen¬ 
tration of the treatment around such time is frequently most effective. 

(5) Improved circulation or increased velocity of flow^ in pipes and chan¬ 
nels may markedly favor the development of some organisms throughout 
the system, although the growth of others may be inhibited in this 
manner. ((>) All microscopic growths are subject to decay and thereby 
produce soluble organic matter which can pass through any form of filter. 
(7) In some cases it is desirable to alter the chemical quality of the water 
to discourage the growth of an organism. 

Where organic growths are giving trouble in closed conduits and in 
covered reservoirs, effective methods of treatment include chlorination, 
chloramin(‘ treatment, the use of copper sulphate, and the cleaning of 
pipes or reservoirs. These remedies must be applied with care, as the use 
of chlorine will probably produce tastes and odors, if not properly applied; 
the use of chloramine servos primarily to delay the action of the chlorine 
so that it may be more effective in remote portions of the distribution 
system; cleaning of pipes, if done mechanically, may accelerate the effects 
of corrosion. In spite of their objectionable features, each of the methods 
has been used with satisfaction. 

638. Use of Copper Sulphate. Copper sulphate is the most frequently 
used chemical in the removal of microscopical organisms in reservoirs, 
pipe lines, or distribution systems. Copper sulphate is applied to open 
w^atcr either by placing the crystals in a porous sack and towing it behind 
a boat moving in a course to distribute the solution immediately below the 
surface of the whaler in a uniform manner, or by spraying a solution or 
sprinkling the powdered crystals over the surface of the water or ice. 
Copper sulphate is applied to water in closed pipe lines by adding it to the 
entering water in the form of a solution to apply a concentration of about 
0.5 to 0.05 p.p.m.^ 

Results from the treatment of reservoirs by copper sulphate have been 
so satisfactory that it is used as a standard practice in treating impounded 
surface waters. The pn^sence of copper sulphate in water in tlie amounts 
necessary to remove microorganisms has no detrimental effect on human 
beings or upon the suitability of the w^ater for a public supply or for most 
industrial processes. It may, however, have a detrimental effect on some 
fish, the most susceptible of which are certain species of trout w'hich may 

' See also Amsbary, F. (\, Jr., ‘‘IVoRresa Report on the Use of Copper Sulphate in 
the Control of Bacteriological Aftergrowths,” Jour. A.W.W.A.^ March, 1945, p. 294. 
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be killed by concentrations higher than 0.16 p.p.m. The concentrations 
of copper sulphate that may kill fish are listed in Table 90. 


Table 90. —The Amount of Ck)PPEB Sulphate Necessary to Kill Pish* 


Species of fish 

Copper suljihate, 
pounds per 
million gallons 

Species of fish 

Copper sulphate, 
pounds per 
million gallons 

Trout. 

1 2 

Pickerel 

3 5 

Carp. 

2.8 

Goldfish . 

4 2 

Suckers. . . 

2.8 

Sunfish 

11.1 

Catfish 

3.5 

Black bass 

16 6 


♦Mahlik, W. S., Jour . A . W . W . A ., Vol. 10, p. 1,000 1923. 


Crystals of copper sulphate, CuS()4-7Il20, are available in sizes from a 
fine powder to those which will just pass a l-in. mesh. The crystals are 
readily soluble in A\ater and can be made up into solutions with a strength 
of about 25 per cent. Commercial copper sulphaie contains about 25 per 
cent copper. Hence, the application of 0.8 p.p.m. of copper sulphaie, or 
0.5 lb. per million gallons, will create a copper concentration of 0.2 p.p.m. 
in otherwise noncopper-bearmg wat(‘r. This is the highest (‘oncentration 
permitted by the U.S. Public Health Service standards for potable 
waters. 

The amount of copper sulphate to b(‘ used is depcMuh'iit on the 
concentration and type of organism present. Attention is more* frc'- 
quently paid to these two controlling factors, and the water is dosed with 
more chemicals than is needed to assure the killing of all microorganisms. 
The amount of copix'r sulphate necessary for the control of different 
microorganisms is listed in Table 77. 

639. Chlorine as an Algicide. The use of chlorine as an algicide is not 
extensive, because of the greater satisfaction found with copper sulphate 
and the difficulty of applying cldorine to a (juiescent body of water.’ 
Where there is a flow’ of water through a narrow chann(»l or into or away 
from a body of surface water or from oik* })ody of water to another, 
chlorine gas can be applied at such a point by the method described in 
Sec. 023. The method may be used in the control of algae in a distribu¬ 
tion reservoir.*'* The amounts of chlorine rec|uirc*d to kill algae are listed 
in Table 77. It is to be noted that sufficient chlorine must be added to 

^ See also Cohen, C., “Chlorination for Algae Control,” Jour. A .W.W.A .y Vol. 17, 
p. 444, 1926; and Sette, F. J., “Continuous Algal Control by Chlorination,” 
News-Recordy May 28, 1931, p. 885. 

* See also Mangum, L. B., “Algae Control by Chlorination at Kansas City, Kan¬ 
sas,” Jovr. A.WW.A.y 1929, p. 44. 
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accomplish the purpose, followed by dechlorination, if necessary, oi 
undesirable tastes are likely to be developed. 

640. Control of Weeds. ^ Weeds are undesirable in water-supply 
reservoirs and open channels because they are unsightly; obstruct the flow 
of water; cause tastes, odors, and color in the water; and supply food for 
other undesirable organisms. Time-honored methods for the removal of 
weeds include oiling, burning, raking, dragging, and chaining. Where 
possible the reservoir may be lowered and the weeds, after drying, sprayed 
with oil and Inirned; or the oil may be used to kill the weeds. ^ However, 
the use of chemicals is usually less costly and more satisfactory. Their 
use should be attc^mpted only by those with sufficient knowledge to avoid 
the great dangers to life involved in the improper use of these toxic 
substances. 

Em(Tg(mt atjuatic weeds, such as cattails and tules, can best hv 
controlled l)y Ihe use of 2, t-1) compound (formed by dichlorphenol, acetic 
acid, and chloramine) applied at a rate of about 200 gal. per acre, using 
1 per cent 2,1-1) emulsion. If it is applied by spraying, the solution 
strength shoidd be about 0.1 to 0.2 per cent. Failures of this treatment 
have been due largc'ly to neglect to follow with siibsecpient treatment. 

A(iuati(* weeds, oth(‘r than emerg(*nt weeds, can be controlled by the 
use of sodium arsenite, copper sulidiate, (‘hlorine, and Benoclor (trichlo- 
rinated b(‘nzin(\s). Sinc(‘ the arsemites an' toxic to man and animals they 
must not be applied in concentrations greater than 0.05 p.p.m. Chlo¬ 
rinated hydi'ocarbons, such as Bemndor No. 3, probably give the best 
control. They should be applic'd at a rate of about 50 gal. per acre and 
allowed at least 4 days of contact, with precautions to avoid tastes and 
odors. 

641. Control of Small Animal Life. Infestations of public wat(*r 
supplies, by the larvae of flying insects, by crustaceae, and by other small 
ma(Toscopic animal life have been experienced.^ The larvae most 
frequently giving trouble are the acpiatic larvae vstages of the Chirono- 
midae, commonly called midges. The a(|uatic period involves the egg, 
pupal, and larval stages. Eggs may be laid in the water, in a protecti\ e 
gelatinous coating, either anchored or free floating. The laiw ae resemble 
an animated letter S or figure 8, are from a few millimeters up to 25 mm. 
in size, and are called white worms or blood worms according to their size 
and color. In most cases the larvae will be found embedded in the 

' St'e also OouDKY, R. F., (^hcinical Weed Control, Jour. i4.ir.ir.4., February, 
1946, p. 186. 

* See “Storage Reservoir Troubles,” Water WorA's Eng., June 4, 1941, p. 630. 

’See also Flkntje, M. F., “Control and Ehmination of Pest Infestations m 
Publie Water Supplies, ’ Jour. A.W.W.A , November, 1945, p. 1194 
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debris and fine dirt of the reservoir bottom. They breathe and feed with¬ 
out leaving this environment. An entire cycle from egg to adult may 
occur in 1 to 5 weeks. 

(^ontrol is through mechanical, biological, and chemical means. 
Mechanical control involves covering the reservoir and screening all 
openings or the use of excelsior filters, Avhich may be useful also in remov¬ 
ing crustaceae. Biological methods include (1) kee*ping down vegetation 
near the reservoir, (2) keeping down algal growths, tliiis removing the 
food supply, (3) placing predatory fish in the reservoir, and (1) holding 
the reservoir empty for the needed period of time. Chemical methods 
involve (1) the use of mineral oil (^Acme white oil. viscosity 80 to 85 at 
I(K)°F.) to keep air from the eggs, to prevent the pupae from emerging, 
and to imprison flies alighting for oviposition; and (2) the use of DDT in a 
concentration of about 0.01 p.p.m. DDT sb.ould be iis(‘d only under 
experienced supervision. The more common algicides, such as '‘o])per 
sulphate, chlorine, and chloramines, have not given universal saiisfaction 
as larvicides. 



CHAPTER XXXr 


MISCELLANEOUS METHODS OF WATER PURIFICATION 

642. Purposes and Methods. Water is treated primarily to improve 
its^anitary (juality. The most common method of treating it to accom¬ 
plish this purpose is by means of sand filtration preceded by screening, 
sedimentation, or coagulation. Disinfection is frequently used inde¬ 
pendently of or in connection with filtration to improve the sanitary 
quality of the water. Water may be aerated, chlorinated, or otherwise 
treated in order to remove tastes and odors. Hard water must be 
softened to improve its qualities for domestic and industrial purposes. 
Iron and manganese must be removed to avoid tastes and to prevent the 
stains produced by these metals. Those methods of treating water to 
accomplish these purposes which are not explained in preceding chapters 
include the removal of iron, manganese, and other dissolved metals and 
gas(\s; the carbonation of water for the removal of tastes and odors; and 
the treatment of water to prevent corrosion. 

643. Iron Removal. Iron is solulde in water only in the ferrous state 
and o(*curs frequently as a l)icarbonate A\hich is dissoved from peaty 
soils and from sul{)hides of iron. It is dissolved by the action of carbonic 
acid and oxygen taken from the air. Ferric oxide in the rocks through 
which water flows is reduced to ferrous oxide by the organic matter 
present in the w^ater and to ferrous bicarbonate due to the presence 
of carbon dioxide. 

Iron in natural waters and in those receiving industrial waters may be 
in ferric or ferrous condition, soluble, colloidal, or insoluble. Ferric iron 
is rarely found in solution in appreciable quantities except in acid waters. 
Insoluble or colloidal iron is likely to be all ferric.^ 

An iron content greater than about 0.2 p.p.m. is undesirable in a 
water supply; when it exceeds 0.5 p.p.m., the taste is noticeable and 
disagreeable. The U.S. Public Health Service Standard limit is 0.3 
p.p.m. Its concentration in potable waters is insufficient to have any 
hygienic significance. Sulphate iron causes acidity and corrosive action 
on iron and brass. Bronze or lead-lined pipes are required for carrying it. 

Dissolved compounds of iron can be removed from water by sedi- 

* “Standard Methods for the Analysis of Water and Sewage,” 8th ed., p. 73, 
.\merioan Pnblir Health Association, 1936. 
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mentation or filtration, or both, by filtration alone, by the removal of 
carbon dioxide, by zeolite action, and by the other methcKls. 

Aeration, either with or ^^ithout filtration, is especially applicable 
when iron is present as bicarbonate alone. It is probably the method of 
iron removal most extensively used. The amount of oxygen reijuired for 
the oxidation of ferrous iron is only about 0.14 part per part of iron, so 
that slight agitation with air is usually sufTK^ient. The oxidation of 
ferrous iron may be accelerated, particular!} in waters high in carbon 
dioxide, by raising the pH through aeration or the addition of such 
alkaline substances as lime, soda ash, or caustic soda. Acid waters must 
be made alkaline. Aeration can \w overdone, due to excessive agitation, 
and thus increase the difficulty of iron removal. Sufficient aeration is 
frequently obtained through the ordinary handling of water in open 
sedimentation basins pre'ceding filtration. The prechpitatini iron may be 
removed by allowing the water to trickle over contact IxmIs >f coke or 
similar material. The iron removal is enhanced by catalyti( iction of 
previously deposited hydrates or oxides of iron. Settling basins, follow¬ 
ing aeration, may be designed for retention periods of 30 min. to 2 hr. and 
should be ecpiipped for ease in cleaning. 

The presence of organic matter, mangani'se, and <*arbon or organic 
acids renders the removal of iron diflicult. It may be neecsssary to add 
lime or to allow' the aerated water to trickle over contact beds of broken 
stone or coke. Filtration alone is effective due to biologic action depend¬ 
ent on a growth of organisms on the filter sand. Carbon dioxide may 
hold certain forms of iron in solution. Its removal will result in the 
precipitation of the iron, which can be removed by sedimentation or 
filtration. 

The zeolite process of iron and manganesi* removal involves oxidation 
and filtration, not i)ase exchange. It is applicable mainly to clear waters 
that do not contain large amounts of iron or manganese*. The* Z(*olite is 
made by treating the zeolite used in water soft(*ning with manganese 
sulphate and potassium permanganate, thus causing the d(*posit of higher 
oxides of manganese. As raw^ w^ater meets this prepared zeolite the iron 
and manganese are oxidized to insoluble hydrated oxides that an* removed 
by the mechanical filtering action of the zeolite bed. The bed must be 
washed and must be regenerated occasionally with j)otassium permanga¬ 
nate. In the removal of manganese an exchange* rate of 390 grains of 
manganese per cubic foot of zeolite, using an average of 1.78 lb. of potas¬ 
sium permanganate per pound of manganese removed, has been reported.' 
Iron and manganese are removed in the softening of w^ater by zeolites, but 

’ See also Davis, D. E., “Observations on Zeolites in Water Softening and De- 
manganization,^^ Jour. A.W.W.A.^ October, 1937, p. 1515. 
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unless the zeolite is especially prepared there is danger, if air is mixed with 
the water, of clogging the pores of the zeolite sand with deposited iron. 
Another objection is the undesirability of softening the water to zero in 
order to remove the iron, and the by-passing of untreated water to avoid 
this may leave too much iron or too much manganese in the finished 
product. 

The oxidation of iron, particularly ()f organic* origin, can be effected by 
the use of potassium permanganate. The permanganate is most effec¬ 
tive, and is less likely to produce a taste, if applied in the pll range from 
8.8 to 9.8. In one plant clilorine* is used to precipitate iron from water to 
which lime has been addenl. The iron is pre(‘ipitated as ferrous carbonate. 
In softening water by the excess-lime process, all the iron and manganese 
are removed, in an oxidized condition. A pH of 8.2 is needed for the 
removal of iron alone, or as high as 9.() for the removal of manganese. 
Iron and inangan(»se removal can be effected by chlorination beyond the 
break pefint^ iii normal pll values, by the application of chlorine pre¬ 
ceding contact aeration, sedimentation, or filtration, alone or combined. 

644. Manganese and Its Removal. The presen(*e of manganese in 
water results in the formal ion of brown spots on laundered goods and on 
paper in the process of manufacture; fermentation processes are dis- 
advantageously affected; in dye works the colors become spotty; and a 
taste may be imparted to the water. It reejuires about 5 p.p.m. of 
mangan<‘se to impart tast(\ but only 0.5 p.p.m. may result in other 
undesirable characteristi(‘s. Since iron and manganese occur so fre- 
(|uently together, the limitations of a total of about 0.5 p.p.m. for the sum 
of th(* two metals may obviate difficulti(‘s. 

Mangaiu'.se compounds are found in water more frecpiently than is 
commonly af)preciat(‘d. In surface watcas manganese may occur in 
organic or colloidal form. In acid mim* waters it may occur as manga¬ 
nous sulphate. In most ground waters it occurs as manganous hydroxide, 
Mn(()ll ) 2 . According to Kuhr* it occurs also as manganous sulphate and 
manganous carbonate. It is fre(|uently found mixed with iron and its 
compounds. 

Manganest* and its compounds ar(» more diffi(*ult to remove than iron 
and its corresponding compounds. Methods used for the removal of 

‘ !i1m» H m.k, I'\ K, “Iron lleinoviil witliout .Wnition,” Jour, .l.UMr..4., 

October, 193C», p. 1577. 

* Mathews, K. U., “Iron and MiiiiKancse Heinoval by Free Residual Chlorina¬ 
tion,^’ Jour, .t.ir.ir.d., .Inly, 11)47, p. 680. 

* S<'e also Kcur, (\ A. H. von \V., “ Manganese in Water Works,” Jour, A ,W ,W .A,, 
Vol. 18, p. 1, 1027. and Z\pfe, Care, “The History of Manganese in Water Supplies 
and Methods for Its Heinoval,” Jour. d.lT.ir.A., Vol. 25, p. 655, 1933. 

* See also Kchr, op. cit. 
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manganese are similar to those used in the removal of iron. The two are 
frequently removed together in the same proi‘ess. They may be precip¬ 
itated from aerated water by the addition of lime. A pH of 9.4 is usually 
adequate for the precipitation of manganese. Manganous hydro.xide can 
be oxidized to manganic oxides of the form Mru()^ and can be removed by 
filtration through sand, as at Amsb^rdam, Holland.* They are not easy 
to remove by sedimentation. T'hemical oxidation alone will not take 
place in waters with a pH less than 10, but in more acid waters oxidation is 
effected biologically. Oxidation of manganese has been proved to be the 
result of the activities of Crrnothrix magnifvra. 

Mangam'se has been removed succes. fully by (dilorination, followed by 
sedimentation and filtration, as at Wellsburg, \V. Va.,- and it has been 
removed by filtration through manganese* Z(*oli(i*. The* removal of 
manganese on contact beds, followed by a(*ration, has been practiced 
successfully, particularly >\here pyrolusite*, a native manganic oxide, is 
used as the contact mati'rial. Mendelsohn** reports its siic(*esslul removal 
by the application of potassium permanganate in addition to coagulants, 
preceding filtration, (’raig and others’ removed manganese from the 
water supply of Providence, K.l.,by the api)lication of copperas and lime, 
maintaining the pH at 10 for coagulation. 

646. Removal of Silica. Dissolved silica should lx* ri'inoved from 
water to be used in steam boilers to avoid tin* formation of hard heat- 
insulating scale that is difficult to remove. If aluminum is i)resent in the 
water a sodium aluminum silicate scale, called analite, may be formed 
with very low amounts of silica. Colloidal silica (‘an lx* removed by the 
application of metallic hydroxides or o\id(*s to tlx* water. fVrric sul¬ 
phate, when addc'd to wat(*r containing sutlicient (‘alcium hydroxide*, will 
produce ferric hydiHJxidc, us(‘ful as a silica al)sorlx*nt but involving an 
undesirable incr(*ase in total dissolved solids. Other silica absorbents 
now in more general use incliuh* insoluble magn<*sium oxide or magn(*sium 
hydroxide or the ])r(*cipitation of ionic magn(*sium from solution. Dis¬ 
solved silica is more difficult to remove, and much study is being giv(»n 
to methods for removing it. 

646. Removal of Fluorides. Many m(*thods for tlu* r(*moval of 
fluorides from water have ]x»en propos(»d,*'’ but noru* has b(*(*n extensi\x'ly 

^ Kl HR, loc. cit, 

* Sec* also Davis, M. J., “D(*inaiiKjiiiization hy IVcrliloriimf ion,” Hth Ann. 11^. Va. 
Conference, p. 44, 1933; and Water Works Emj., Nov. 29, 1933, p. 1192. 

* Mendelsohn, 1 W., ‘‘Wat(*r Supply luid Purification Developments during 
1936,” Water H’orA's ti!: Sewerage, January, 1935, p. 3. 

^ Craig, K. C., and others, ‘‘Iron and Lime in Itemoval of ManRanese,” Joar, 
AAV.W.A., Vol. 24, p. 1762, 1932. 

* See also Smith, II. V., and M. C. Smith, ‘‘Bone Contact Hemoves Fluorine,'' 
Water Works Eng., Kov. 10, 1937, p. 1600. 
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tried in practice. Scott^ has proposed an overtreatment with lime to a 
causticity of about 2.0 grains per gal. in the presence of sufficient magnc'- 
sium. The relation between the residual fluorides Y and the magnesium 
removed X is expressed by Scott as 

Y==F-0mF\/X (1) 

in which F is the original fluorine content. This procedure can be 
followed, with practically no modifications, in standard lime-soda soften¬ 
ing plants. The method is costly, however, and recjuires competent 
chemical control. The Smitlis^ proposed a method involving contac*t of 
the water with specially prepared ground bone. In their tests, 2 g. ot 
bone reduced the fluorine in 5(K) cc. of water from G to 0.9 p.p.m., a 
concentration lower than that necessary to cause mottling of human 
teeth. The method is simple, relatively inexpensive, and has the advan¬ 
tage of being applicable to household as well as municipal installations 
without expert control. Fink and Lindsay** have conducted successful 
experiments in the reduction of fluorides to less than 1.0 p.p.m. by passing 
the water through a bed of activatcKl alumina. This pro(*ess has not been 
applied to a public water supply, but equipmerd is available for the 
treatment of small domestic and private water supplies. 

647. Removal of Certain Dissolved Metals. Traces of lead, zinc, 
copf)er, and tin can be removed from water by the use of zeolite, ^ in much 
the same maniKM’ as zeolites an* used pi water softening. The zeolite used 
in successful t(*sts for the removal of these substances were knowm as 
Kenzelite and Zepholit('. Fach w^as regenerated with sodium chloride, 
except ill the case of lead, which required regeneration with sodium 
nitrate. 

648. Removal of Color.^ Color is caused by colloidal matter in 
water. It may be nunovi^d, as other colloids are removed, by adsorption 
and by chemical precipitation or coagulation, possibly followed by sand 
filtration. No one method will remove all colors. Other methods 
include bleaching by sunlight in open reservoirs or by the use of chlorine. 
Coagulation with alum, followed by filtration, is probably the most 

' St'orr, R. !>., and others, “Iron and Lime in Removal of Mangaiieae,” Jour 
il.fl'.U"..!., January, 1937, p. 1). 

* Smith and Smith, op ett 

* Fink, (1. J., and F. K. Lindsay, “Activated Alumina for Removing Fluoride.s 
from Drinking Water,” Ind. Eng. Chem.j August, 1036, p. 947. 

See also Adams, B. A., “Removal of Lead, Zinc, Copper, and Tin trom Drinking 
Water by Means of BastM?xchange Materials,” Water and Water Eng., September 20, 
1930, p. 415. 

* Sc'e also Howard, X. J., “Treatment of Colored and Corrosive W'aters,” Jour. 
A.W.W.A., December, 1937, p. 1916. 
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widely used procedure. About I grain of alum per gallon of water should 
remove about 10 p.p.m. of color under favorable conditions. In the 
removal of color by chemical coagulants the same principles apply as in 
the addition of coagulants for other purposes. 

649- Removal of Taste and Odor.* (Conditions creating tastes 
and odors in water determine, to a great extent, the method employed in 
their removal. The causes of tastes and odors may be divided somewhat 
as follows: fl) organic and vegetable matter, (2) industrial \\astes and 
domestic sewage, (3) dissolved gases, and (4) dissolved mineral matter. 
Since tastes and odors arc closely associated the removal of one will, 
generally, remove the other. 

Methods for the control of tastes and odors jnchide any one or a com¬ 
bination of the following: (1) aeration, (2) prechlorination, (3) super¬ 
chlorination followed by dechlorination, (4) chloramine treatment, (5) 
chlorine dioxide, ((>) activated carbon, (7) potassium pirmanganater,‘ 
(8) copper sulphate, (9) bleaching clay,*^ (10) lime alone or combin(‘d with 
ferrous hydioxide, (11 ) ozone, and (12) the removal of iron and manganese. 
None of these methods is applicable to the removal of all tastes and odors, 
nor are all widely used. For example, tastes and odors diu^ to the 
presence of inorganic compounds may be controlled b(‘st by aeration or 
th(* several methods of chemical treatimmt. Ac'^ation or activated 
carbon is esp(K*ially applicable to the removal of tastes n'sulting from 
dissolved gases, vhereas chloramine or lime* is applicabU^ in the removal 
of ])h(‘nol tastes. Where tastes have be(m exceptionally severe the 
combination of prechlorination and split treatment with activated carbon 
added also just ah(*ad of the filters may b(* eHective. Potassium per¬ 
manganate has been found effective in controlling some* tastes prodiK'cd 
by microorganisms; (libbons^ hmnd that it removed tastes and odors 
caused by solvcait naphtha wastes, rosin, soap, and fermenting cer(3al 
wastes. It may be us(‘d alone or in combination with chlorine. The 

^ See also liAiLiCY, W. T., ‘‘Tiiste and Odor Oontrol at Ooaneil HlafTs,'’ Jam. 
yl.M Ai)ril, mSfi, p. 458; ,I. U., “Kliinination of Tast(‘ and Odor in 

Water,” Mc(Jraw-HilI Book (’ornpany, Ine., York, 1935; (lullans, Osear, Jour. 

yt.ir.ir.il., July, 1933, p. 974; and Baujs, J. It., and O. (iru.ws, Jour. 

April, 1931), }). 507. 

2 See also Hoi ston, Ai.^xanokh, Munir. Sonit.j April, 1932, p. 148; and 
li\SnELL, L. li., i)th Ann. Re pi. W. V a. Conprenre on Water Pun jicai ion ^ 1930, j). 37; 
and Haynes, L., d>n/., p. 35, 

^ See also Dodo, B. I., "The Use of Absorbing ('lay for Kemoving Taste and Odor 
IVodueing Substances from Water,** Jour. Penna. Water Operators, 1932, p. 05. 

^ See also Si’ott, J. S., "Control of Phenol Tastes bv Mi'ans of Increased IJine 
Treatment,” 9th Ann. Rept. Ohio Conference on Water Purification, p. 01, 1929. 

“ See Howard, X. J., "Water Supply and Purifination during 1932,’* Water Works 
ib Sewerage, January, 1933, p. 1. 
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dose and application should be controlled so that no pink color passes the 
filter. Doses between 0.2 and 0.4 p.p.m. have been reported. 

(Jhlorine dioxide has an oxidizing capacity 2^^ times that of chlorine. 
It is said to be effective against both phenolic and algal tastes, the 
effects being rapid. Chlorine dioxide is so unstable that it is^ generated 
at the point of use by introducing sodium chlorite solution into the 
chlorinator discharge line. It is introduced in a proportion of equal 
weights of chlorine and chlorine dioxide, with concentration of 0.2 to 0.3 
p.p.m. sodium chlorite. The theoretical ratio of chlorine to chlorite is 
1:4, but a ratio of 1:2 or less is recommended to obtain efficient evolution 
of chlorine dioxide. The chemical is most economically applied at any 
point after oxidation of the organic matter by chlorine. It is as easy to 
apply as chlorine and costs no m()re than activated carbon. 

The most widely eff(*ctive treatment, where it is practical, seems to be 
superchlorination followed by a later application of activated carbon or 
the use of activated carbon alone. In a comparison of odor removal by 
coagulation and filtration, ozone, chloramine, superchlorination, rapid 
sand filtration, and aeration, Gullans- found that the use of activated 
carbon was the only practical and effective method. 

660. Removal of Dissolved Gases. Dissolved gases, other than 
oxygen and nitrogen, can he reduced by aeration, as a result of the 
physical reduction of tlaar piirtial pressure when atmospheric oxygen and 
nitrogcm are dissolved. Dissolved gases can he removed hy boiling, by 
decompression, and hy the a(khtion/)f chemicals. For example, either 
calcium or barium hydroxide will aid in the removal of carbon dioxide. 
Th(* latter chemical is toxic. It is used in the treatment of boiler feed 
water but not for public water supplies, (\irbon dioxide can be reduced 
also by passing the water over beds of crushed limestone.^ Such beds 
may lx* contained in closed tanks like pressure filters, called neutralizing 
filters. If aeration is insufficient, the hydrogen sulphide concentration 
can be reduccxl by diffusing scrubbed flue* gases through the w^ater. 
Precipitate d sulphur compounds should be removed by filtration to avoid 
r(*v(*rsion to hydrogen sulphide. 

661. Aeration. Water is aerated to remove tastes and odors, to aid 
in the remo\’al of iron and manganese, to remove undesirable dissolved 

’ S(‘o also A. K , “New Tti.stc (\)iitrol Treatment to He Used in Lindsay, 

Ontario,” Water ami St wa(fi, K(‘l)ruiir\, 1105, p. 21: and Moi nsly, H. ,J , and M. C. 

“Ta.ste and Odor Control with ('hlorine Dioxide,” Joar. .4.UMr..l , Septem¬ 
ber, 11)46, p. 1051. 

® See also (li i.i.vNs, Osoar, “Tlie C^oinpnrison of Odor Lhinination Treatments,*' 
Jour. .l.ir.ir..l., January, 1037, p. 60 

* See also “Water Conditioning Handbook,” Pennutit C^o., 1943. 
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gases, such as carbon dioxide, to increase the content of dissolved oxygen, 
and for other purposes.‘ Tastes and odors are redu(*ed by aeration 
because of the removal of gases and volatile organic matter which are 
dissipated into the atmosphere. Atmospheric oxygen has very little 
oxidizing effect on organic matter in water during aeration. Natural 
waters that are so highly deficient in oxygen as to affect the taste are 
rarely found; but when they are found, aeration will restore the oxygen 
content and will improve the ttu^te. Microscopic organisms may he 
killed not only by the oxidation, but by violent agitation given the water 
in the process of aeration. 

Water may be aerated by (1) exposing it to the atrnosphen*, as in open 
aqueducts, basins, and reservoirs; (2) flowing over cascades, weirs, steps, 
troughs, etc.; (3) flowing through trickling devices such as (‘oke beds and 
perforated trays; (4) spraying it through the air; (5) diffusing air through 
it by means of perforated pipes, porous plat(*s% strainers;- (G) aspirating 
air through the water,mixing air and water under pn^ssuro to increase the 
solubility of oxygen; and other methods. * The tu'st four methods involv¬ 
ing th(‘ exposure of water to air ar(‘ most commonly U’.ed. Many 
proprietary aerators of difl'erent types have be(*n produced. Beds aboul. 
y in. deep of 2- to 3-in. coke held in perfoiated tra^s. wit;h three or four 
trays, one about 1 to G in. beneath the other, are widely used. If it is 
desired to remove th(‘ entrained air bubbl(*s aft(*r aeration, the water may 
flow from the aeraUir into a basin with a ret(‘ntion peuiod of about 15 
min. to 2 hr. and ade(}uate surface area. For cascades and s|)lash trays, 
water falls from 3 t(' 10 ft. Sjway nozzles need a j)ressure of about 10 
j).s.i. at the throat. Air-dilTuser basins may have a ndention period of 
about 15 mill., a depth of 0 to 15 ft., and use 0.05 to 0.10 cu. ft. of free air 
per gallon of water treat(*d, diffusing the air through perforated pipes or 
porous plates at the bottom of the tank, and recpiiring about. 1 kw'. of 
power per million gallons daily capacity. 

Efficiencies of aerators are expressed in p(uc(uitag(‘ removal of carbon 
dioxide; vaj., the perforated-jiijie method of aeration recpiiring the fonung 
of air through water surrounding the pi}>e is given a rating as high as 75 
per cent. 

* S(‘c also Hai.k, F. K., “Present Status of Aeration,” Jour. A.W.W.A.^ 1032, 
p. 1401; and Flentjk, M., Jour. 4.ir.fr..l , June, 1937,]). S72. 

2 See also Roe, F. F., ‘‘Air Diffusers.” Enq. and Oonirad Record, Apr. 14, 1937, 
p. 54. 

® See also Kai'i-m\n, H. L., “ DetennininK Air Flow in Agitation IVoblenis,” Jour. 
A.W.W.A., Vol. 25, p. 1030, 1925. 

^Sce also Mc'Xamee, R., “‘Aerators’ The Purifieation of Michigan Waters for 
Public Use,” Umv. Mich. Enq. Research Hull. Iff, June, 1930. 
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662. Deaeration. Dissolved oxygen is removed from water princi¬ 
pally to diminish its corrosiveness.* Methods for the removal of dis¬ 
solved oxygen include (1) passing the water through a vessel containing a 
large surface of scrap iron,^ followed by filtration through sand, all in a 
closed vessel under pressure; (2) the formation of ferrous hydroxide in the 
water by the addition of ferrous sulphate and calcium or sodium hydrox¬ 
ide; (3) the addition of sodium sulphite; (4) boiling the water; and (5j 
exposing the water to a high vacuum. In any of these methods the 
surface* of the wat(*r must be insulated from the* atmosphere in order to 
prevent the rapid reabsorption of oxygen from the air; in the last two 
methods list(*d the* oxygen driven out of the water must be r(*mov(»d as 
fast as it is released, to prevent its reabsorption. The last two methods 
of (leoxygenat ion cannot expect to remove more than about 95 per cent of 
the dissolved oxygen. Only chemical methods can completely deoxygen¬ 
ate water, l)ut a combination of mechanical means to remove 95 per cent 
of the oxygen followed by a chemical treatment may be most, economical. 
P]x(‘ept under careful and competent chemical control, the addition of 
sodium sulphite to a i)ublic water supply is undesirable because of the 
poisonous nature of the chemical.® 

663. Activated Carbon. Activated (*arbon is a form of \^(*getable 
carbon, or charcoid, that has been heated in closed retorts in an atmos¬ 
phere* of such gas(*s as carbon dioxide, air, steam, or chlorine. Occasion¬ 
ally chemical agents, such as phosphoric acid or zinc chloride, may be 
added. This “activation” and the greatIj^ increased power of the carbon 
to absorb gases distinguishes activated carbon from charcoal. Most of 
the activat(*d carbons used in water purification are proprietary sub¬ 
stances sold under trade* nam(‘s siiedi as Darco, Mine*har, and Xuchar. 

The most de*sire*d action of activated carbon in wat(*r purifie*ati()n is the 
removal of odor. Since it is not possible to measure this action by 
chemical analysis, te*sts for the epiality of activated carbon aim toward a 
physie*al measureme*nt of its odor-removing ability. Thre*e methods have 
been proposed for this purpose: (1) the phenol-abse>rptiem test, (2) the 
dilute-iodine tc'st, and (3j the* thre'shokl-ode)r test. 

The phened-absorption test* determines the amount of activated 
carbon, expressed in parts per million, reejuired to reduce 1 p.p.m. of 
standard phenol in I 1. of water to 0.01 p.p.m. after 2 hr. of stirring to 

* Sc'o also PowEiiL, S. T., and II. E. B.vcon, ‘‘(^orrosion rontrol by Draoration,” 
HVi/fr \Vork» d' Sewerage, .April, 1937, p. 109. 

See Spkllek, F. X., “.A Method for Praetieal Elimination of Corrosion in Hot 
Water Supph Pipe,” Trnna. Arn. Sne. Heating ami Vent. Erig.y Vol. 23, p. 125, 1917. 

* See also Powkel and Bacon, op. cit. 

* S<^e also Baylis, J. H., “The Evaluation of Activated Carbon,” Water iro/A.s A* 
Sewerage, June, 1933, p. 220. 
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assure contact between the carbon and the phenol. This test has the 
advantage of giving a definite analytical measurement which can be 
duplicated, but unfortunately it shows only the ability of the carbon to 
absorb phenol. Since carbons are highly selective in their action, it may 
give no indication of the value of the carbon for absorbing other odors. 
Baylis* suggests that the phenol af>sorption reciuireinent of a satisfactory 
activated carbon be limite*d to 35 p.p.m. 

In the iodine test a known iveight of the carbon is shaken for a pre¬ 
determined time with a solution containing a known weight of iodine. 
The mixture is filtered, and the residual iodine in the filtrate is deter¬ 
mined. The iodine absorbed is a measure of the odor-absorbing power of 
the carbon. The test has the advantage I'f being simple, but it may 
indicate even less than the phenol test with respeid to the (juality of the 
carbon. 

The threshold-odor test- is conducted in the manner described in 
See. 4b5 for the determination of the threshold-odor numlx^r. except that 
the amount of aetivat(*d carbon recjuired to redu(*e the threshold odor 
from one to another predet(*rmined value is meaMirc'd. It is a difficult 
test to make, but it has the advantage that, it may nuatsure directly the 
characteristic most desirful in the activated carbon under observation. 

In general, it can be expected that good activat(‘d ear))on will weigh 
lOtoll 11). per cu. ft., that it will contain not less t han 90 })er cent of pure 
carbon, and that not ov(*r 0 per cent will be retained on a 2(X)-mesh sieve. 
.Vctivated carbon is supplied in bags weighing about 75 lb. When 
supplied in carload lots of 15 tons, it can be bought for about 5 cents per 
lb. The cost of the treatment ranges b(*tw'e(*n 40 cents and $1 per million 
gallons. 

664. Use of Activated Carbon. Activated carbon is us(xi in w^ater 
purification principally for the control of tastes and (xlors resulting from 
the presence' of dissolvexl gases. It has beem found (‘fh'ctive* in aiding 
coagulation in the nanoval of color, in preveaiting or n'tarding the decom¬ 
position of sludge in settling basins, and in the* reduction of the chlorine 
demand of treat(»d water. Among its advantage's may be includeMl the 
fact that no chemieail re'agent is aeJeleel te) the purifieel water, be'e'ause the 
carbon is filtert'd out, the're is no elanger fre)m an e)verele)se e)f activated 
carbon, and excess chle)rinatie)n is maele easier.® If powelereel activated 
carbon is aelele'd to the influent te) a rapid sand filter in an ameamt l(*ss than 

^ “Specifications for Activated Carbon,” Water Works & Sewerage, September, 1932, 
p. 311; and March, 1933, p. 87. 

2 See also Baylis, J. R., “The Evaluation of Activated Carbon,” Water Works (k 
Sewerage, June, 1933, p. 220. 

^Jour. A.W.W.A., 1934, p. 6; and Sigwokth, E, A., “Activated (‘arbon—Its 
Value and Proper Points of Application,” Jour. A.W.W.A., Vol. 29, p. 688, 1937. 
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5 p.p.m., the filter runs are not shortened,^ but in some cases the reduction 
of lengt,h of run has been as much as 50 per cent. 

The limits of adsorption of which activated carbon is capable has been 
formulated by Freundlich^ as follows: 

j 

where x = total amount of impurity adsorbed from a fixed quantity of 
solution 

M = amount r)f activated carbon used 

C = residual concentration of impurity in solution, after adsorp¬ 
tion is complete 
K and n = constants 

In the removal of tastes and odors from water by activated carbon the 
material may be applied as a dry powder directly to the water at one or 
more points precedinj^ filtration or sedimentation, or filtered water may be 
passed throuj^h a 1 )(m 1 of activated carbon. 

If a dry powder is us(*d it may he applit'd to the water before filtration, 
either alone or mixt'd with other cliemicals such as alum, by means of any 
of the types of dry ch(*mical feed machines. It may be fed before, during, 
or after coagulation or at more than oiu* point, lliis is known as ‘^split 
treatment.” The most common point of appli(*ation is preceding 
coagulation. VVherev(*r th(‘ carbon is applied, it should he so controlled 
that a small portion reaches the filter. It may be desirable occasionally 
to ‘Mnimp” the filter shortly after washing or after commencing the 
application of carbon to work it into the interstices of the sand. Dosages 
vary widely but average, in practice, about 20 to 25 lb. per million 
gallons. 

The following points should be considered in the feeding of acti¬ 
vated carbon: (1) The carbon should be handled in a separate room to 
minimize the dust nuisance. (2) The feeding macliine should have 
considerable* overcapacity because of the wide fluctuations of load that 
come to most f)lants. (8) A phmtiful water supply should be* pre)vieleel te) 
e*arry the carbe)n te) the pe)int e)f applie*ation withe)ut elanger of clogging 
the se)lutie)n pipe.*'* (1) The strength e)f sedutiejn, where solutie)n feed is 
used, shoulel be* a))e)ut 4 per e*e*nt. Rubber e)r ire)n pipe*s may be used for 
conveying the se)lutie)n. 

^ Sc'c* also (liBBONs, M. M., “Tests on Aetivat(*d (arhon Show Its Selective 
Nature,” Eng. News-Record, Mar. 17, 1932, p. 391. 

* See discussion in “Water Quality and Treatment,” Manual American Water 
Works .\ssociation, 1940, p. IfiO. 

® See also Hauris, .1. P., and E. A. Siuworth, “The Feeding of .\ctivated (’arhon, 
Jour, April, 1937, p. 504. 
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Care must be observed in the storage of these materials, as they are 
furnished in such a finely divided state that an explosive mixture with the 
atmosphere may result. Because of the high absorbtive properties of the 
material, enough heat might be generated in an improperly designe<l 
storage room to reach the ignition point. Storage space of 40 to 150 cu. 
ft. per ton should be allowed. 

666. Magnetite Sand Filters. Filters of magnetite sand, made from 
magnetic iron ore, are in use for the treatment of eitlier water or sewage, 
for the purpose t)f n^moving finely divided suspended matter by me(*han- 
ical straining without the preliminary addition of coagulating chemicals. 
Insufficient experience has been had with the medium in water treatment * 
to establish a standard rate of filtration, l)ut. in general, it can be assumed 
that a rate of 2.0 t(» 4.0 g.p.m. per sq. ft. for an upward-flow filter will give 
satisfactory results. 

The filters are constructed by placing a layer, about 3 in. thick, of 
magnetite sand with an effective size of about ().(> mm. and a uniformity 
coefficient of about 1.1 on ji phosphor-bronze screen. Water to be 
treated passes either upward or downward through the Setnd and the 
screen. Wh(‘n the h(»ad loss has reached th(^ limiting amount of iibout 
()* 2 » f sand is cletnuMl fiy passing an elect ronuigiK't .and i\ })ump over 

the bed. The sand, which is magnetic, is picked up by the electromagnet, 
cleaned as it is pulled through th(‘ water, and washed by the water rising 
to the pump. Thf‘ dirty wash water is discharged from the sand cleaner 
by the pump. The current to the electromagnet is alt(*rnately turned on 
and off as the ch'aner movers slowly along the filt(*r. When the current is 
relt^ased, the ch'an sand falls back into place* on tlu* scr(*en. An advantage* 
of the apj)aratus is that the entire process can be* made* automatic se) that 
when the lK*d nee*(ls clcjining the washing appanitus is automatie*ally put 
into ope*rati()n. 

666. Puech-Chabal and Drifting-sand Filters. These two type's e)f 
filter are used for the improve*me*nt of the sanitary (piality of a watf'r, 
for the* same purpos(*s as slow and nipid sand filters. The Puech- 
Chabal filters are confine'el almost e'xclusively to Frane*e; the elrifting-sanel 
filter at Toronto, Ont., the only one of its kind in existence, has be‘e*n 
abandoned. 

In the Puech-Chabal system of filtration the winter is passed at a 
pre)gressively slowe*r rate* through a serie's eif sand filters. A coagulant is 
ne>t e*e)mmonly useel, and the water is aerate'el bc'tw^e'e'n all stages of 
filtration. 

The outstanding feature of the* drifting-sand filti'r is its ability to 

^ S(*(* also Zack, S. T., “The* Magnotite Filter in Sewage and VVnter Treatment,” 
Water Works tt* Seweraqe, June, 1937, p. 201. 
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operate without interruption for sand washing, since the cleaning of the 
sand proceeds as the filter operates.^ 

657. Diatomite Filters. Diaiomite filters for the purification of 
water were developed, to a considerable extent, during the Second World 
War, mainly for the use of troops in the field.^ Because of their mechan- 
i( 5 al limitations it is improbable that they will be used extensively for 
public water supplies; although they may be found suitable for special 
purposes in conditioning water for industrial supplies. A section through 
a 50 g.p.m. diatomite filter is illustrated in P'ig. 257. The water to be 



U57. Diatomito filter beiiiK hack washed. 

treated enters at the bottom of the apparatus and ^^()^^s upward. When 
the filter is n^stored to operation after backwashing, I lit* necessary amount 
of diatomaceous earth is mixed with the entering water. This water, 
passing through the porous septum, leaves the diatomaceous earth or 
“filter aid^’ on the surface of the septum to act as a filtering medium. 
The thickness of this layer may be ^ i 6 to ^4 in. As water to be filtered 
passes through this filtering layer the head loss increases until it has 

' See also Nasmith, (J. Ci., “Toronto Test of Drifting Sand Filter,” Pan. Eng. 
Apr. 8, 1915. 

* See also IJlai k, H. H., and (\ II. Sp.m lding, “Diatomite Filtration for Field 
Troops,” Jour. A.IIMF./l., November, 1944, p. 1208. 




MISCELLAXEOVS ^METHODS OF WATER PrUIFlCATlOX 557 


reached about 5 ft. or more of water head. The flow through the filter 
ie? then reversed and the backwash water with dirty filter aid is wasted. 
When the wasted water becomes clear, the washing is stopped and the 
normal direction of flow through the filter is resumed, a new layer of 
diatomaceous earth is placed on the septum, and the cycle of operation of 
the filter has been completed. The rate of filtration is greatly affected by 
the character of the water to be treated, the character of the filter aid, and 
other conditions. Rates from 1 to 15 g.p.m. per sq. ft. of filter surface are 
reported, with lower rates giving the better (juality of water. From 8(K) 
to 1,000 lb. of filter aid may be used per million gallons of water treated. 

Among the advantages of the use of diatomite filters for the produc¬ 
tion of potable water is tlie relativ(‘ly low weight and volume of tlu* filter 
compared with the conventional rapid sand filtcM*. The filter will remove 
cysts of E. hisiolj/lira and probably other microorganisms not seriously 
affected by chlorination. 

668. Chemical Control of Metallic Corrosion. The corrosion of 
metals as a rc'sult of electrochemical action is discussed in Sec. 834. It 
follows from this explanation that the (*orrosituty of waf cu' may be reducc'd 
by (1) (‘ontrolling the carbonate balance of the* water so that it will lay 
dowm a carbonate film to protect the medal froi" the cdcHdrolyte; (2) 
increasing the pH of the w'ater, ?.c., by decreasing the hydrogem ions 
available to replace mcdallic ions dischargcMl from the metal; and (3) 
deaerating the water so that oxygen is not available to rcnict with the 
protective hydrogen film formed by cdectrolvtic action. 

669. Threshold Treatment. The application of sodium hexameta- 
phosphate, (Xar(>a)6, in a coiu'cmtration of 0.5 to 1.0 p.p.m., as d(»scrib(*d 
in Sec. 015, has been found efbsdive in th(* pr<*v(‘ntion of corrosion.* 
Close control of the dose is unnecessary, but too large conc(^nt rat ions may 
be detrimental rather than heljjfiil. Th(» t erm “ t hreshold t r(»atmerit has 
been applied to tliis proce ss b(H*ausc apparently the* molecular dehydrated 
phosphate acts to remove the crystal nuchn from contact with the solution 
on the threshold of the crystallization process. The name is ecpially 
appropriate with respect to the inhibition of corrosion.^ Precipitation of 
calcium carbonate is jirevented by threshold tr(‘atment because the 
sodium hexarnetaphosphatt' segregates nuclei of calcium (‘arboriate as they 
develop. The isolation or adsorption of each nucleus prevents crystalline 
growth. 

The effectiveness of threshold treatment to prevent corrosion is in 

’ See also Rk’E, ()wf:N, “Sodium Hexametapliosjdiate As an Aid in the C'ontrol of 
Corrosion,” Jour. Pvnna. Water Work's Operators Assoc., Vol. 12, p. 110, 1040. 

2 See also FticE, OwexN, and Cm. B. Hatch, “Threshold Treatment of Municipal 
Water Supplie.s,” Jour. A.W.W.A., Vol. 31, p. 1171, 1939. 
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doubt. This doubt is expressed by a committee of the American Watei' 
Works Association^ when it states that threshold treatment 'Svill nearly 
always eliminate, or at least minimize the outward manifestations of 
corrosiijn'' and adds that ^^conflicting evidence forbids a definite state¬ 
ment as to whether metaphosphate does or does not prevent actual 
corrosion of ferrous metals.^' Pallo" adds that ^^under conditions of low 
rates of flow and up to and including some critical rate of flow, the rate of 
corrosion was found to be higher in the threshold-treated lines than in 
those lines receiving no treatment. 

660. Carbonate Balance. Waters containing carbonate hardness 
may deposit a protective carbonate film on metals exposed to the ^^ater if 
the carbonic acid content of the water is reduced. If the a(*id content is 
increased, the water may dissolve calcium carbonate. The deposition of 
calcium carbonate forms a film that protects metal from corrosion. The 
solution of the film exposes metal to corrosion. Too active a tendency to 
deposit carbonate is undesirable as it may clog pipes. To prevent clog¬ 
ging or corrosion hy water it should neitherdeposit nor dissolve carbonate, 
i.e.y it should be in carbonate balance. The point of car})onate balance 
varies with the pH, the temperature, and other (*hemical characteristics of 
the wal(‘r. ''riiis point can be determined by laboratory tests. 

661. Langelier’s Index of Carbonate Balance. W. F. Langelier® 
has devis(*d an expression to indicate the pH that a w^ater should hav(‘ to 
be in e(iuilil)rium with calcium carbonate: 

pH* = (pAV -• pAV) + pCa + pAlk (2) 

w'liere pH, = pH that the water should have to be in equilibrium with 
ViiVi):, 

pKJ, pK^ = negative logarithms of the second dissociation constant for 
carbonic acid and activity product of (^aCO^, res{)ecti\ ely 
pCd — negative logarithm of molal concentration of ('a 
pAlk — iK'gativ^e logarithm of equivalent concentraticjii of titralde 
base 

The saturation index is obtained by subtracting pH, from the pH of the 
w^ater. A m^gative index indicates that the water is undersaturated with 
calcium carbonate. A positive index indicates the reverse. The deter¬ 
mination of the index inv'olves an analysis in which total solids, tempera- 

‘ ("oiii!intt(‘o Uoport, Value of Sodium He\aiu(‘ta]diosphate in CV)ntroi of 

Difliculties Due to Corrosion in Water Systems,” Jour, .l.ir.ir.^l., December, 1942, 
pp. 1807 and 1820. 

* Palu), P. K., “A Study of Corrosion Control >\ith Sodium Ilexainetapho&phate,” 
Jour. .1 April, 1940, p. 499. 

’ Imncieulr, W. F., “The Analytical (\)ntrol of Anti-corrosion Water ,Jour 
-l.MMF.A., October, 1930, p. 1500. 
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turt*, calcium, and alkalinity are reported. Langelier has given tables and 
formulas for the determination of the index, and Hoover* has prepared a 
nomograph simplifying the work of computing tlie index. 

The T.angelier index is useful to determine in which direction a water is 
out of carbonate balance and to estimate the ch^sage of lime necessary to 
produce e(|uilibrium. Little difficulty from corrosiveness is to bo 
expected from cold waters with an index more positive than —0.5 and 
from hot waters with an indt^x more positive than zero. It is pointed out, 
however, by Hoover- and by Ryznar,^ that the saturation index is not 
always reliable because some waters with a positive index may be quite 
corrosiA’e. 

662. Ryznar’s Stability Index. Ryzna’-'** has proposed a stahilily 
equal to 2pll« — pi I to determine the le\ (»! of corrosivity or carbonate- 
bcale-depositing potentiality of any water. The stability indi'x W’ill 
always be jiositive. “Without stabilizing treatment, a watc'r having a 
stability index of approximately b.O is definitely scal(‘ forming, while an 
index ab()\'e 7.0 may not give a protective coating of calcium carbonate 
scale. Corrosion would b(‘come an increasingly greater problem as the 
stability index incn*ased above 7.5 or 8.0.” He stat(‘s also’ that stabiliza¬ 
tion of the water with a polyphosphate, such as Xa.JbC.j. will prevent 
scale formation by a water with a stability iiul('x as low* as 4.0, w’ith 
temperatures up to 200°F. 

663. McLaughlin’s Method. P. L. JMcIiUiighlin^* has i)ropos(Hl a 
laboratory procedure to indicate the point of carbonate balanc(' and, 
hence, the corrosivcau'ss of tJie water. The j)roceduro is based in the 
assum])tion that the degree of carbonate saturation, within the limits 
recpiiivd for the performance of the t(*st, of a water at a giv(*n alkalinity 
and pH is a function of the degree of increase* or decT(‘asc in alkalinity of 
the water after treatment with an exc(*ss of cliernicxdly pure ( aCO.^. 
Hence, to determine the y)ll of the carbonate saturation point of an 
undersaturat(‘d water, a curve is drawn with pH as abscissas and change 
of alkalinity r(*sulting from the* adelitioii of CaC();i as ordinat(*s, as showm 
in Fig. 258. In following the j)roc<*dure in the laboratory any parti(*ular 

* Hoover, C. P., ‘‘Practical \ppIicatioii of tin* LanKcIi<T Method,” Jour. AAV. 
W.A., Novemher, p. 1802. 

2 Hoover, C. P., “Stabilization of Ijiine-softeiied Water,” Jour. A AV.IV.A Vol. 
34, p. 1425, 1042. 

■*Ryznar, J. W., “A New Index for Determining Amount of Calcium (’arhonute 
Scale Formed by a Water,” Jour. A.IP.IP..!., A])ril, 1044, p. 472. 

‘ IhiJ., p. 478. 

^ McL\i (JHLiN, P. L., “A Procedure f(»r Determining the NeceHsary Tn*atment to 
Prevent (’orrosion,” Proc. 10/// Awn. Conf. on Water Purijication, W. Va. State Vniv. 
Tech. Bull. 8, p. 10, Apr. 15, 1036. 
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pH of the water is obtained by the addition of lime. At each value of pH 
the alkalinity is determined before and after the addition of CaCOa. The 
change in alkalinity is plotted as the ordinate for the corresponding pH. 
The point of intersection of the curve thus drawn and the base line for 
alkalinity represent the pi I of the carbonate saturation point. 

664. Chemical Adjustment of pH. Lime is the chemical most 
commonly used in the adjustment of pll to control corrosion either to 
obtain carbonate balance or to reduce the concentration of hydrogen ions 
available to replace metallic ions. Other alkaline compounds, such as 
sodium or potassium hydroxides, will have no effect on the hardness of the 
water, but their cost is so high, compared with the cost of lime, that their 
use for public water supplies is not economical. 



Fi(i 25S McLaujchlin’s fi^iaph for dotcrmininR rarhonato balanoo. 

666. Chemical Formation of Carbonate Coatings. Protective coat¬ 
ings may be formed on metals by the adjiKstment of the pH to lay down a 
coating of calcium carbonate, by the addition of sodium silicate, and by 
reaction between constituents of the water and of the metal. 

The addition of sodium silicate to w^ater, particularly in the presence 
of calcium and magnesium salts, will result in the formation of a protective 
silicate coating. In order to form the first protective coating, enough 
silicate should be added to increase the hydroxide alkalinity 15 to 30 
p.p.m. Thereafter the maintenance of 5 to 10 p.p.m. will probably be 
sufficient to provide protection in either hot- or (*old-w'ater pipes. The 
use of sodium silicate in public w^ater supplies must be controlled with 
intelligence, as an excessive amount, increasing the alkalinity to 100 
p.p.m. or more, produces a taste, discolors foods in cooking, and produces 
an unctuous feeling on the hands. 

The formation of protective coatings by reaction between constituents 
of the w^ater and the metal is exemplified by the deposition of a protective 
layer of hydroxide of iron, formed by the reaction between the iron and 
dissolved oxygen. Similarly, lead reacts with certain hard w'aters to 
form basic lead carbonate, wdiich deposits on the lead pipe to delay 
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further corrosion. Such naturally forme<l coatings are important in the 
protection of many pipe lines today, and in some cases disastrous results 
have followed treatment of water that has dissolved these coatings. 

G66. Chlorination to Control Corrosion. The corrosive a(*tion of 
certain bacteria is discussed in Sec. 339. The addition of cldorine may 
aggravate rather than diminish such bacterial activity. When chlorine is 
added to water containing organic matter, it reacts with the matter to 
diminish the bactericidal efTect and possibly to furnish food for after- 
grow^ths of bacteria. The addition of ammonia with the chlorine will 
retard the exhaustion of the chlorine so that it may be carried into remote 
parts of the distribution system where its bactcTicidal effects will be f(dt 
further and endure longer. 

In a few’ instances the use of ammonia has been found to aggravate t lu* 
difficulties from corrosion in certain parts of the distribution system, 
probably because of the fact that when the chlorine is finally exhausted 
the remaining ammonia furnishes food for the undesirable aftergrowths 
I nder such circumstances the remedy is to slop the application of the 
ammonia, to change the conditions of its application, lo study the 
effectiveness of copper sulphate, or to attempt otlu'r methods for the con¬ 
trol of corrosion. 

667. Corrosion by Hot Water. Responsibility of the management of 
the public waterworks extends to the corrosion of the consumer’s plumb¬ 
ing as well as to the corrosion of the pipes belonging to the water depart¬ 
ment. Sinc(» it is common practice on the [)art of consumers to heat a 
part of the water used and to distribute it in the plumbing syst(‘m, th(‘ 
corrosive characteristics of the public water supply w lien heat(»d should be 
minimized. Hot water is more corrosive than cold; corrosive charact(T- 
istics of water when heated ar(* greatly changi'd; and methods for (*orrec- 
tion of the corrosiveness of hot wattT differ somewhat from tin* correction 
of cold water. Water with a pll of 7.5 to 8.0 may be only mildly (*or- 
rosive to steel at temperatures of 50 to ()0°F. but will b(*come actively 
corrosive at temperatures of 120 to 150°F. The complete deaeration 
of waters to be heated to high temperatures will greatly reduce then- 
corrosiveness. However, the disconcerting conclusion was reachc'd by 
Hoover^ that some waters high in pH and devoid of dissolved o\yg(*ii may 
be highly corrosive when heated. In geruTal, it is desirabh to maintain 
a more positive Langelicr index, or low'er stability index, in hot than in 
cold w^ater because of the higher solubility of carbonate in hot water. 

668. Effect of pH Correction on Zinc and Copper. It is generally 
accepted that the higher the pH of w’ater, the less corrosive it will be to 

^ Hoover, (\ P., ‘‘Corrosion Control,*^ Jour. Penna. Water Works Operators^ 
Vol. 9, p. 106, 1936; Water Works & Sewerage, \'ol 83, p. 384, 1936. 
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iron, but this is not altogether true with respect to copper and zinc. In a 
series of tests by Moore* it was shown that loss of zinc from brass dimin¬ 
ishes as the pH is raised from 6.0 to 10.0 and that up to a pH of 11.0 if 
increases again, that the rate of corrosion of copper from brass is inversely 
proportional to that of zinc, and that protective films will retard the loss 
of zinc only in a pH range of 7.5 to 9.5. 

' Moork, E. W., “Corrosion of Brass in Water Subject to pH (>)rrosion,” Juur. 
New Engl. Water Works Assoc.^ 1934, p. 47. 
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OUTLINE OF REPORT ON WATERWORKS DESIGN 


T. LktTKR of 'fRANSMIl-rAL 

Address a letter of transmittal iv the Mayor and ('ity ('oiineil. The letter is to 
eontam a brief statement of your reasons for doiiiK the work and a brief outline of the 
work don(‘. 


II. (JkNURVL (’ONSIOKRVTIONS 

1. Population, present and future*. 

2. .\rea within corporate limits, present and future. 

3. Topo^raplue features V(*rbai description ami to|)<»^;r}ipliic tuap. 

\ Transportation facilities and industrial conditions. 

Probable effect on wat< r eon.suinptioii. 

III. Instai.lation \ni> I)fa'i:ix)pmknt ok ''N atkrwohk.s 

1. ('aus<‘s leading to installation. 

2. Proposc'd method of payment. 

IV^ SoiIRPE OF SrppLY 

1. Sources of supply investigated. 

2. Area of land owned by city and available for wat(‘rw’orks. 

3. Description of wells. 

4. Descrijition of collecting r(*s('rvoir. 

5. Arrangem<‘nt of pumping station and lot fshow' plan). 

0 Information concerning .surrounding conditions and |K)KsibiIitii*s of contamination. 

W (V)N.su\irri()N OF Water 

1. Number of persons using water supply, and percentage of population. 

2. Number of jiersons living along lines of mains, and p(‘rcentage of total population. 

3. Number of persons and pi*rcentage of total population to whom w’ater is availabh* 

for lengths of service pipe greater than 400 ft. 

4. Statement as to assunijitions regarding average daily consumption; inaximuin day’s 

consumption; variations in consumption; hourly, daily, and seasonal; fini 
demand; duration of fire. 

VI. PrMPiNo Station and MAniiNEHY 

1. Dication of pumping station. 

2. Description of building. Sketch of interior arrangement. 
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3. Description of well-pumping machinery. 

4. Description of service pumps. 

5. Description of fire pumps. 

6 . Description of boilers and electrical equipment. 

7. Details of auxiliary apparatus to be used. 

8 . Description of pipe arrangements. 

9. Method of operation. 


VII. Distribution System 

1. General description of system, materials, etc. 

2. Tabulate feet and miles of mains by sizes and indicate what percentage each size 

is of total length. Also indicate miles of mains per t housand population and per 
million gallons daily water consumption. 

3. liocation of mains in street, position, depth, etc. 

4. Number of fire hydrants. lx)cation. Averag(‘ nurnl)er of hydrants per mile of 

main. 

5. Location of valv(*s. 

ft. Tabulate valv(‘s as to nundxT of various sizes of valves and number per mile of 
main of tin* various sizes. 

7. Numb(*r of scTviee connections now and later. 

VTII. Di.sTRiBTmNG Reservoir 

1 . Ixx'ation. 

2 . Operation and Control. 

3. General description. .\Iat(*rial, dimensions, capacity, nominal storage period in 

hours. 


IX. Pressure and Fire Protec’tion 

t. Range of eh'vation within distribution system. State elevations considering top of 
well curbing as 100 . 

2 . Normal water level at source of supply and anticipated h'vel wh(*n pumj)ing. 

3. Ordinary and tire prcs.sures (a) pumping station, ( 6 ) at hydrant in business district, 

(c) at ('xtrenn* huigth hydrant in resident district, (d) at nozzle (with maximum 
length of ho.se) in business di.strict, (c) at nozzle (with maximum length of hose) 
in rcsidcMice district. 

4. Number and size of tire stn’aius available with above pressures. 

X. (V)st Data 

Give an itemized account of the <*.stimatcd cost of the watcTworks, including all 
exp(‘ns(‘.s. In arranging this account follow thc‘ saim* outline as the report has fol¬ 
lowed, in a style .somc'what as follows: 


General Items 

Land (2 acres on corner.St. and.St.). $1 000 

Building. .Ijqq 

Bights of way (private) . 570 

. . . $(>,270 
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Piimping-station EquipiiUMit 

Three 8-in. wells complete ready for service (not including pump head) $0,(KK) 

3 pump heads for above wells, etc. (),(KX) 

Total. m.m 

Grand Total. $()(),(KH) 

Finally, state estimated cost per inhabitant, and the probable assessment per lot 
benetitt'd, and the general assessment. 

XI. SlMMVR^ 

\ brief general description of the plant <‘ontaining a stateimuit of total cost, and 
cost per inhabitant. 
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PROBLEMS 

(IIAI^TER I 

1 . Tho first cost of a centrifugal pump and motor is $1,500; the annual cost of 
operation an<l maintenance is $1,200; the life of the unit is 15 years; the annual rate of 
interest is 4 jmt cimt. l)et(‘rniine (a) the capital invested, (h) the capitalized cost, 
(c) the annual (*\penH(‘, (d) th(‘ straight-line rate of depn'ciation, (c) the sinking-fund 
rate of depn‘ciation, (/) the amount of the annual straight-line depreciation, (g) the 
amount of the annual sinking-fund rate of depreciation, (/i) the value of the unit after 
10 years of serviiie, assuming sinking-fund rate of depreciation. 

2. Solve the previous problem on the assumption that the salvage value of the 
unit is $250. 

3. In the sel(*ction of a pumping unit two choices are available: unit A with a first 
coat of $5,000, an annual operating cost of $000, and a life of 15 years; and unit B vNith 
a first cost of $4,(KK), an annualpop(‘rating cost of $800, and a life of 20 years. No other 
costs are to be considered. What will be the annual savings if the more economical 
unit is purchased? Rate of intc'rest is 4 per cent. 

4. The coat of a waterworks for a city of 10,000 po])ulation is $500,000. The 
first cost and the life of the various parts of the works are as follows: land, $ 10 , 000 , 
life indefinite; buildings, $30,000, life 10 years; mechanical eejuipment, $ 200 , 000 , life, 
20 years; distribution system, $2t)0,(i00, life 50 years. The annual cost of operation is 
$50,000, and the interest rate on borrow'ed capital is 4 per cent. Th(' entire capital 
investment is covered by a bond issue of $500,000. The average amount of water sold 
is 80 gal. per cajiita per day. (a) If the only source of income is from water sold and 
the commerce commission allows 6 per cent return on capital invested, what should 
be the cliarge to tin* consumer for 1,000 gal. of water? ( 6 ) For one ton of water? 
Answ'cr in cents. 

6 . In developing an enterprise two choices are presented: (a) to install temporary 
(‘quipment to function for 10 years, follow'ed by the installation of mon* permanent 
(‘quipment, or (b) to install the permammt equipment now\ "I'he tiunporary equip¬ 
ment wdll cost $50,000, operating cost $10,000 per year, and life 15 years. At tin* end 
of 10 years its salvage value will be $2,500. The permanent equipment will cost 
$100,000, operation $12,500 per year, life 30 years, and salvage value* $7,500. If 
interest is 3 per cent, how' many dollars are saved annually by adopting the* more 
economical enterprise. 

6 . An amount of $8,000 is paid yearly to retire principal and pay interest on a 
serial bond issue of $100,000 bearing interest at 5 per cent, (a) How long would be 
required to retire the entire issue? ( 6 ) If all the bonds were to be retired serially in 10 
years, what yearly payment would be required? 

56fi 
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CHAPTER II 

7. Calculate (a) the total pressure, (6) its line of action, and (c) its point of 
application for a circular gate leaf 6 ft. in diameter and set at an angle of 45 deg. The 
depth of water over the center of the gat»» is 20 ft. 

8 . The sketch shows a radial gate against which water is pressing, (a) Ijocate 
the distance of the center of pressure again.st the gate beJon* the water surface. (5) 
What are the magnitudes of the total pressure and of its vertical and horizontal 
components? 



9. Assume that the center (i>oint O in the sketch in Prob. 8) of tlit gate is 3 ft. 
below the water surface and that point .4, the upper edg(‘of the gate, is at the water 
surface (ri) l^oeate the distance from the surface to the center of pressuie. 
(5) Determine the magnitud(‘ of the total pressure and its horizontal and vertical 
compoiH'iits. 

10. A trapezoidal w’eir, shown in the .ski'tch, is placed in the end of a sluiceway. 
Ixieate tlie distance from th(‘ w ater surface and from the hue A A to the center of 
pressure* of the* surfa<*e nbed. 



11. A right triangh* with a 4-ft. base ami an 8-ft. side is submerged with its base 
horizontal and 2 ft. bidow the surface of the water. The plane of tlie triangh* makes 
an angle of 30 deg. with the vertical, lx)cate the eeuiter of pressure wuth respect to 
the surface and a plane (vertical) passing through the* long (8-ft.) side of the* triangle. 

12. A rectangular gate 20 ft. wide* and 10 ft. high is set in a vertical plane. It is 
made to turn on horizontal hinges the centers of which are 4 ft. up from tin* bottom of 
the gate. A stop block at the Ixittena prevents the gate bottom from turning in the 
direction of tin* winter pre8.sure, but it is free to rotate in the opixisiU* direction. How 
deep would the water flow* over the top of the gate before it would open? Neglect 
friction and limitations imposed by pressure and velocity conditions in the stream 
flowing over the top. 
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18. A cylindrical tank 10 ft. in diameter, holding a depth of 10 ft. of water, is to be 
emptied through a standard circular orifice 6 in. in diameter lying in a horizontal plane 
in the bottom of the tank. How long, in seconds, will it take to empty the tank? 

14. A conical tank is 10 ft. in diameter at the water surface and 2 ft. in diameter at 
the bottom. The vertical distance between the two diameters is 10 ft. How long will 
it take to empty the tank through a 6-in.-diameter standard circular orifice in the bot¬ 
tom plane* of the tank? Answer in seconds. 

16. A steel .storage bin in a water purification plant is designed to hold a dry 
chemical w<*ighing 75 Ib. per cu. ft. The pres.sure produced by the stored chemical is 
assumed to act as a licpiid. One side of the bin is 10 ft. wide at the top and 4 ft. wide 
at the bottom. It slope's at an angle of 30 deg. from the vertical so that the top of the 
bin is larger than tlie bottom. The bin is 6 ft. deep. The (*ntire side of the bin is 
divided by a v(*rtical plain* into two doors with equal dimensions, the doors being 
hing(*d along the sloping edges of the bin. When the bin is filled with chemical, (a) 
where is the center of pressun* on each door with respi'ct to the top and the line w’here 
the two doors conn* tog(‘ther? (h) If the doors were lu'ld closed by a bolt at tlie top 
and a bolt at tin* bottom, what w^ould be the maximum bending moment on each of 
these bolts (inch-pounds), assuming no connection betw(*en the door and the bottom of 
the bin? (rj What W’oidd be the maximum bending monu'nl in the edge of one door in 
a vertical plane passing through the edge and normal to the plane of the door? 

16. A railroad is investigating a new w'ater-supjdy plan. Thi* supply is to consist 
of a darn impounding wat(‘r at A, from which it must be pumped over a summit at B. 
From B it runs by gravity to the shops at I). Since the In'ad available at the shops is 
much more than would b(* used, putting in a hydroeh'ctric plant at C has been sug- 
g(»st(‘d. Th(' eh'ctric power will be transmitted back to A and used for pumping water 
up to B. Th(* j)ipe line* is to consist of 50,000 ft. of 24-in. cast-iron })ip(‘ and will cost 
about per foot in place. The plant at A W'ill cost as follows: dam, $75,000; land for 
reservoir, $5,(K)0; buildings and machinery, $20,000. The annual operating expenses 
will b(* about $2,000. Tlu* resi'rvoir at B will cost about $2,000. The plant at C will 
cost buildings and inaciiinery $30,000; reservoir, $4,000. The annual operating 
e\p(*nses will be about $2,000. The transmission line between A and will cost 
$20,000. The efficieiuics are as follow^s: hydraulic turbine, 80 per cent; generator, 90 
per cent ; transmission lira*, 95 per cent; motors, 80 per cc'iit ; pump, 75 ]ier cent. Life 
of masonry structun* may be taken as 100 years; pipe line, 50 years; buildings, 
machinery, <‘tc., 30 years. Kate of interest at 3^^ cent. 

a. What excess horsepower is there at C? 

b. What is the ca))italized and annual cost of the plant? 

c. What will be the cost of wati'r per million gallons, if 4 m.g.d. is used? 

The surface of water at .1 is at elevation 1,200 ft. 

There is a r(*servoir at B. Its surface is at elevation 1,400 ft. 

The hydraulic turbines at are at elevation 800 ft. 

The length of pipe from A to B is 10,(XK) ft. 

The length of pipe from B to C is 35,000 ft. 

The length of pipe from C to 1) is 5,000 ft. 

17. I)<‘terrnine the rate of discharge over a submerged w'eir 20 ft. wide and oper¬ 
ating under a head of 5 ft. The submergence is 30 pc‘r cent. L'ontractions arc 
suppressed. 

18. .\ rectangular chaniui terminates in a sharp-crested w’eir w’hose length is equal 
to the width of the channel. When the velocity of flow through the channel is 47.1 
f.p.m., the rate of flow is 42,500 g.p.m. When the velocity is 18.2 f.p.m., the flow* is 
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2,000 cu. ft. per rain. Determine (a) the width of the channel, (6) the leiiKth of the 
weir, (c) the maximum head on the weir, and (d) the minimum head on the weir. 

19. An overflow spillway 30 ft. wide is so shaped that when operating under a 
head of 10 ft. the stream at the crest has the .same cross section and the same pressure 
and velocity characteristics as a section at the highest point of the lower napiK' of a 
stream discharging over a sharp-crested weir. ( alculete the discliarg(* in cubic feet 
per second. C ontractions are .s\ippressed. 

20. Two liorizontal pipes AH and HC are joined end to end. AH is 8 in. in diam¬ 
eter and 2,000 ft. long. HC is 4 in. in diameter and 1,500 ft. long. The pressure' at 
A is 120 p.s.i., and at (" it is 50 p.s.i. m) If the cot'fTicient C in Hazen and Williams 
formula is 100 , what is the flow through the pipe in gallons j)er minute? {b) If 
C = 150, what is the flow through the pipe in gallons per minute? 

21. Three pipes {HC\ AJ)(\ and AHC art' in parallel, being jt>ined at A and at C 
w^hich are at the same t'levation. Pipe H is 10 in. in diameter and H.tXK) ft. long, 1) is 
0 in. in diameter and 1,000 ft. long, and K is 8 in. i i diamett'r and 2,000 ft. long. What 
is the prt'ssure at A if the flow is li*om A toward (' and the jin'ssure at C is 20 p.s.i.? 
Assume C = 100 and Q — 500 g.p.m. 

22. The pressure at point A in a pipt' is 100 p.s.i. From A to H is l.-MK) ft. of 8 -in. 
pipe; betwet'n H and C tlien* are two lin(‘.s of pipe, one bt'ing (> in. n tliarnett'r and 
1,000 ft. long, and the otlu'r, in ]iarallel with it, is 1 in in diamt'ti'r and 1,500 ft. long. 
From C to /) tht' pijX' line eonsists of 1,000 ft. of (>-in. [iipi'. If the pressure at /) is 
80 p.s.i., and .1 and ]) are on the same elevation, what is llu' rati' of flow thiough th(‘ 
pipe? Assume (' = 120, aiul answer in gallons ])('r minute, 

23. ddie following values were computi'd from a tabh' in .Merrinian’s “ Hydraulics” 
and ri'presents thi* head lost //', in 100 ft. of clean cast-iron j)ipe lor various rates of 
flow Q, m seeond-fi'i't. 1) — diameter of jupc: 


II 

p 

/I = 1.00 ft. 

j /> = 1.25 ft. 


1.5 ft. 

Q 

ft./l(X)^ 

Q 

ft./lOO’ 1 

Q 

f1./10()> 

Q 

ft./ltX)' 

l 38 

0.45 

i.r,7 

1 0.15 

2.40 

O.K) 

5.28 

0.20 

1 7(i 

0 73 

2.30 

0.32 

3.(>!> 

0.25 

7.05 

0.33 

2 til 

' 1.57 

3.11 

0.55 

4.01 

0.12 

10.55 

0.07 

I K) 

3 04 

4.71 ' 

1 12 

7.37 

0 85 

17.0 

1.00 

(i f)0 

S 10 

7 85 ' 

2 SO 

[ 12 3 

2.11 

20.4 

3.50 



11.85 ' 

5 05 

i 18.4 

4 48 




‘ 'rhis ICpOVSClltH lu'iui lo*,t III fl'Cl JM'T l(K)ft. Ilf I»1I'I>. 


a. Plot the values on logarithmic paper, with ilischarge as abscissas and lost hi'ad 
as ordinates, and draw’ a straight line through the points for eai'h diaineti'i* of pipe. 

b. Draw the lines lightly so that erasures may be made. 

c. Make the lines jiarallel, and deti'rmiiie the slopi*. 

(i. For a given discharge' plot W against D. 

('. Determine the slope of this line (H' relative to I)). 

/. Deti'miini' lines for 10-, 14-, 16-, and 24-in. pipe. (Explanation will be made by 
inst ructor.) 

g. Determine A'from relation K =» sfihstitutiiig one corres|)onding value 

of H' and Q for each size of pipe. Tabulate as follows: 
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h. Use the average value of K in equation IP — h(p^/D^ 
i Transpose the cqniation into the form W - h r / 

j ('hange equation into form 1 = and compare with liazcn and Wil¬ 

liams formula 

24. Three reservoirs an* joined by cast-iron pipe, as shown in the sketch W hat is 
the rate and direction of flow in each pipe? Assume C = 100, and give rates of flow 
in gallons per minute 



26. Two reservoiis an* (onnei ted b\ 10,000 ft of nveted-steel pipe 72 in m diam¬ 
eter Th«' differeiK e in w at(*r le\ (1 of the resc rvoirs is 10 ft W hat is the approximate 
disthaigc ? \\ hat would the discharge be il a wood-stave pipe of the same diameter 

had been used? 

26. (\>nstru(t the h>drauht grade line and the total enoig> line for the pipe line 
shown in the sketeh Use vertical scale much larger than hori/ont il scale Use 
hon/ontal scale 1 in = 1,000 ft (’ompute elevations to ncinst 0 01 ft, making 
allowances for “muior" losscss of head For friction in straight pipe, use C ~ 100 



27. Two lines of hose are connected to a h>drant One line is 450 ft long and 
terminates at t in a 1-in smooth iio//lc* The othc'i is 300 ft long and terminates at 
R m a 1-in smooth nozzle During a hre it is found that with 4 op(*n and B closed 
the pressure at t is 45 p s i W hat w ill be the pressure and rate of disc harge at eac h 
nozzle with both 1 and H open? \ssume that pressure at the Indrant is constant 
under all conditions 
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CHAPTER III 


28. Population figures for three communities are as follows; 


City 

1«40 j 

1 

1930 

1920 

I 1910 

1 

1900 

1890 

1880 

A 

125,812 ! 

118,761 j 

98,784 

79,445 

51,604 

35,498 

32.101 

B 

84,li03 1 

80,944 

71,763 

52,989 

46,230 

21,503 j 

12,141 

C 

131,888 ! 

127,749 

101,256 

1 _ 

82,145 1 

1 61,9(X) 

j 52,184 

38,659 


Predict the popuhitioii of city H in P.HK) by each of the methods described in S(m*. 
50. 

29. (a' Compute the coefficient of growth for each city in th(‘ pn*<'eding problem by 

the method given in S(‘e. 51. (6) If each of the above cities is now within 15 per cent 

of “saturation,” in about what decade will it be within 2 per cent of saturiition? 

30. '^a) What was the maximum hourly rate of demand for high-serviee pumping 
at Toledo, in Fig. 21? Answer in gallons per minute, {b) What was th<‘ maximum 
daily high-serviee pumping demand during the wet‘k showm? Auswct in millions of 
gallons, (c) What w as the average <laily rate of demand for high-s<*rvice pumping for 
the week shown? Answer in millions of gallons. 

31. Answ'cr the questions in Prob. 30 with respect to Springfield, Mass., for the 
week of Mar. 17, 1040, as shown in Fig. 24. Assume that the radial siaile represtuits 
rates in million gallons per day. 

32. Construct a (hnnand-duration curve for th(‘ maximum day at Toledo, similai 
to Fig. 25, and in accordance w itli the data in Fig. 22. Abs(‘issas an* to be in per cent, 
of time for tlie day and ordinates in per c(‘nt of average rate for th(‘ day. 

33. («) Estimate the water d(*iuand by city R, in Prob. 2S, exclusiveof fire demand, 
for the follow’ing {leriods of tinn*: M) Maximum day, (2) av(*ragt‘ day, (.1) maximum 
hour. .\iisw’ers an' to lx* based on th(‘ data in 4'abh‘s 17 and 21 and are to lx* in gal¬ 
lons and ill gallons per minute* for the* perioel eovere'd. (b) \\ hat w’ould be the* pre)pe*r 
allowane*e feir lire prote-ctiem fe>r tins e-ity, e*xj)re*sse‘el in galle)ns per minute and in aeceirel- 
ance w'ith e*ach eif the* thre-e* feirmulas in Table 20? 

( IIAPTEH IV 

34. A 24-in. gravity we*ll is be*ing punipe*d at a rate* of 300 g.p.m. Me*asure*me*nts in 
near-by te'st w'e'lls at this time* we*re* asfeilleiw's; At a elistane*e* e)f 20 ft. freim the* w’(*ll Ix'ing 
pumped the* elraw’eleiw'ii was 20 ft., anel at .>0 ft. the* elraw'elow’ii w’as b ft. 1 he* bottom 
e)f the we‘11 is 300 ft. be-low the* grounel-water table*, ia) If all e)bserve‘d jxiints were' 
em the Dupuit curve*, what was the* elrawalown in the we‘11 during pumping? (b) 
Assuming the w^ater surfae*e*s in the* aeljae*e*nt te*st we*lls te) have* be*eii on the* “fren* 
surface,” wliat w'as the elraw'elown of the* grounel-w'at(*r table* imin(*eliat/(*ly aeljac(*nt 
to the well? (r) What is the specific capacity of the we*ll? (ei) What is the maximum 
rate at which water can be drawn from this well? 

36. As.suming that the conditions in the proe*eding problemi apply U) a pressure 
well, answx*r all the preceding qiu'stions except question 6. What is the ratio of the* 
specific capacity of the* pressure w^ell to the spe'cific capacity of the gravity well? 

36. (o) Plot a curve whose abscissas are the percentage of maximum rate*, of dis¬ 
charge from the w ell in Prob. 34 and whose ordinates are th<* cooresponding percentage 
of total possible drawdown. Let the length of the abs(*issa and of the ordinate, for 
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maximum conditions, each be 5 in. ( 6 ) Plot a similar curve for the pressure well in 
Prob. 35. Use the same abscissas and ordinates. 

37. What is the specific capacity of a gravity well 12 in. in diameter and 250 ft. 
deep? The distance to the ground-watc'r table under static conditions is 50 ft. 
When being pumped at a rate of 200 g.p.m. the drawdown in the well is 5 ft., and at 
400 g.p.m. it is 12 ft. 

38. A 24-in. pressure well is 450 ft. deep. The static depth of water in the well is 
400 ft. When being pumped at 500 g.p.m. the drawdown is 10 ft., and at 700 g.p.m 
the drawdown is 15 ft. What would be the discharge from the well with a drawdown 
of 50 ft.? 

39. To determine the velocities of flow of water through a porous-dam embank¬ 
ment, test holes A and B are driven into the embankment 5 ft. apart. The following 
observations were made*: (a) temperature of water 62°F., ( 6 ) elevation of water at A, 
589.3, (c) elevation of water at By 584.2, (d) velocity of flow from A to C, 10 ft. per 
day. If the watfT in the lower part of the dam is drained down so that the elevation 
in hole B drops to 575.0, the elevation at A drops to 584.2, and the temperature rises 
to 70°F., what will be the velocity of flow of water through the dam, in feet per day? 
Us(‘ Hazen’s formula. 

40. If the distaiK'e between wells A and B in Fig. 32 is 7.5 ft., and point A in Fig. 33 
indicat(*s the time at which the el(*ctrolyte was added to well A, what was the velocity 
of flow betw(*en the two wells? Answ’er in feet per day. 

41. If the w(*ll in Prob. 37 were pumped continuously at a rate of 500 g.p.m., and a 
])orehol(‘ is sunk at a distance of 10 ft. from the well, w^hat would be the depth at which 
W'ater would be struck in the borehoh* during construction? (b) What w^ould be 
the distance from the ground surface to the Dupuit curve in the bondiok*? (c) What 
is th(* drawdown in the well? 

42. If it is known that the well in Prob. 37 penetrates only 50 per cent of tin' 
atjuifer, what will b<‘ the discharge from the w(‘ll if formula ( 8 ), page 78, is apj)licable? 

43. Construct tin* drawdow'ii curve (timfe as abscissas and depth of waU'r in the 

well as ordinates) for the well in Prob. 37 if it is pumped at 700 g.p.m. for 5 hr. Assume 
/ = 0 . 20 . ( 6 ) (instruct the recovery curve for the same w'cll after 5 hr. of pumping 

at 700 g.p.m. 

44. An artesian wt‘ll was constructed 30 ft. in diameter for a depth of 40 ft. In the 

bottom of the 30-ft. portion a 0-in. tubular well was drilled to an additional depth of 
90 ft. A te.st was conduct(*d by pumping the water down in tlii‘ larger diameter 
portion of the well and observing the rate of recovery of water level. The following 
observations of the distanc<‘ from the ground surface to the surface of the water in the 
w'ell were made: 9 40 ft.; 3 i’.m., 30.2 ft.; 9 p.m., 32.S ft.; 3 a.m., 29.7 ft.; 9 ^.M., 

20.9 ft. {( 1 ) W hat (piaiitity of water, in gallons per day, can be obtaiin'd from the w'ell 
if the pump is oi)erated to lower the w^ater 40 ft. b(‘low the ground surface in 1 lir., 
daily? ( 6 ) Wliat (piantity of water, in gallons per day, can be obtained if the pump is 
operated twice daily for about ’^4 hr. so as to low'er the wattT 40 ft. below the ground 
surface at each period of oj)eration? (c) What is the maximum (quantity of water 
that could be pumped from the well under continuous operation with the w'ater sur¬ 
face 40 ft. below' the ground surface? {d) If the 30-ft. portion of the well were deep- 
en(‘d by 10 ft., what quantity of water could be obtained per day from the well if the 
pump w'cre operated 1 hr. daily so as to lower the water 50 ft. below the ground surface 
at each period of operation? 

46. A number of wells, exactly like the wh 41 described in Prob. 34, are driven across 
a buried river valley under identical conditions. The wells are in a straight line 
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50 ft. apart, (a) What would be the combined discharge from two adjacent wells 
being pumped simultaneously, with no other wells being pumpi*d, if the drawdown in 
each well were 20 ft.? (6) What would be the discharge from three adjacent wells 
being pumped simultanwusly, with no other wells being pumped, and the drawdown 
in each of them were 20 ft.? 

46. A waterworks owms a rectangular plot of land 30C by 519 ft. on which thrtH' 
artisiaii wells A, B, and C are located: B in the center of the plot, and A and (% 
respectively, in adjacent corners on the short side of the plot. Each well is 24 in. in 
diameter and 1,200 ft. deep. The static depth of water in each well is 1,022 ft. The 
log of the well show'ed the aquifer t(» be 130 ft. thick. When pumpijig from w^ell B 
alone, a discharge of 490 g.p.in. was obtained with a drawdown of 98 ft. At this 
time the water in wells A and C was drawn down 12 ft. (a) What flow could be 
pumped from wells .1 and C with a diawdow'n in eacli w(‘ll of 98 ft.? (5) What flow 
could be pumped from all three wells if they w'ore pumped simuItMiKHmsIy with a 
drawdown of 98 ft.? (c) If two additional wells were constructed in tin* remaining 
corners of th(‘ plot, estimate the amount of winter that could be drawn, in gallons per 
minute, by pumping all five w’ells simultaiKM)Usly with a drawdown of 98 ft. ((/) If 
each w’ell costs $25,000, if it costs 10 cents per I,(XX) gal. for power to pump water from 
each well, if the rate of int<'r(‘st jAus depreciation and other annual ovj-rhead cliarges 
is 10 per cent, and if wa(<‘r can })e sold for 15 c<‘nts ])er 1 ,(XX) gal., how many w<'lls of the 
same type, all being pumped continuously, can be ecoiKunically located on (his plot, 
assuming the maximum j)ONsible drawdown to be 98 ft.? 

41. (a) Tabulate the maximum rat(‘ of rainfall, the nemth of its occurrence, and 
the percentage deviation from th<* annual mean, in eacli of the 1 I typical n'gions 
included in Fig. 59. (/>> What would be th(‘ mean annual rainfall for the “Eastern 

Hoeky Mountain” type, if the rainfall in each of the montlis from Aj)ril to SeptcunlxT, 
inclusive*, wen* incr(*ased liy 50 per cent, the* rainfall for other Jiionths remainijig as 
shown in Fig. 59? 

48. The drainage* areji of the* Sciedo llive*r, abem* the* storage* dam at (’edumbus, 
Ohio, is 1,080 sep miIt*K. The e*xt!e*ine Ii'iigth e)f the w’ate*rshed above* the dam is 80 
mile*s. Fe)r the* 24 hr. e*iKling at 9 e.M. on Mar. 23, 1913, the* av<*rage rainfall e)V(*r (lie* 
drainage are'a was 4.9 in. The* tedal rainfall on the* drainage are*a feir the 4H-hr. periexl 
ending at 8 i*.m. Mar, 24 was 0.4 in., and for the* 72-hr. jx*ri(xl e*nding Mar. 25 at 8 I’.m. 
it was 7.9 in. The* steirm b(*gan abemt 8 e.M., Mar. 22. At iiexm on Mar. 25 the apex 
of the* flexxl was re‘aclH*d, with a ele*pth em the .spillway e>f the* elani of 13.0 ft. The* 
cre.st e)f the elam is 5(X) ft. lemg. i)e*te*rmine* tlie pe‘re*e*ntage runoff, <*alculating the 
dise*harge over the dam frexn the e*xpre*s.sie)n 

Q = 3.7L//*' 

49. On a drainage area e>f 250 sep rnile*s it has be*en found that 22 hr. is ree|uire*d for 
the f;one*e*ntration eif flexxl fleiw. The* are*a, e*e)iisisting e>f rolling e*ultivate‘d land, is in 
Illinois. I)e*te*rmine the maximum preibable flexxl fleiw' by (a) the* latiemal rne*thod, 
(h) (*mpirical formulas. 

60. From the flow' data ejbtaine*d from U.S. Geole)gie*al »Surve*y Water Supply 
Papers and from corresponding rainfall data, ple>t a hyelreigraph, a unit hydrograph, 
a flow-duration curve, and a mass curve of total fle)w feir the perieiel 19— to 19— for 

the _ Itiver at_(The instructor will supply re»ferencps in 

which necessary data can be found.) 

61. Tabulate the maximum hourly rates of rainfall that may be expected once in 
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10 years for 5-min. storms in at least five of the region shown in Table 36. In each 
case use the smaller value of X, x, and n shown in the table for the chosen time period. 

62. A rectangular drainage area is 10 miles long from east to west and is 6 miles 
wide from north to south. Rainfall observations during a storm were as folllws: at 
the northwest corner, 5 in.; at the northeast corner, 6 in.; at the southeast comer, 

4 in.; at the southwest corner, 3 in.; and in the center of the area, 7 in. What was the 
average rainfall on the drainage area? 

CHAPTER VII 

63. Draw, to scale, the cross section of a rolled-fill earth dam holding a depth of 
60 ft. of water. The darn is to be on a slightly porous clay foundation. Three 
classes of material are to be used: grade A is a highly impervious mixture of sand and 
clay, suitable for puddle core wall; grade B is only slightly p(*rvious sandy clay; and 
grade C is quite pervious. The upstream side of the dam is to be pav(*d, and one or 
more berms are to b«* included on each side of the dam. The extreme length of 
exposed water surface is 2 miles. All other conditions affecting the design are to be 
assumed and explained. 

64. What should b(‘ the* thickness of the lower (*dge of th(‘ apron of the dam shown 
in Fig. 64 to withstand uplift, assuming a factor of safety against uplift of 2? 

66. Sk( *tch a cross section of a masonry dam similar to Pig. 69, and dernonstraU* 
that the r(*sultant of all overturning forces must pass within the middle third of the* 
base of the dam in order to avoid tension on the upstream face of the dam. 

66 . Sk(*tch a cross section of a masonry dam, similar to Pig. 69, and show the 
approximate* location and diree*tie)ii of action of the resultant of each force liste'd in 
Sec. 154. 

67. If the base eif the dam shown in Pig. 64 is 70 ft. thick, what is the total uplift, 
per foot e)f le*ngth eif elam? ifcw far from the upstre‘am edge of the* elain will the* 
resultant eif the uplift act? Ajjsume the elistrilnition of uplift pressure*s to be linear 
across the foundation. 

68 . (a) What is the weight, per foot length of elam, e)f the dry material, grade U, on 
the* upstream siele* eif the D(*ar f l(*ek Dam she)wn in P'ig. f)5? What will be its effective 
weight to act against overturning e)f ihe elam if the material is saturates! with water and 
submerge'd be*neath the* w'at(*r of the re'se*rvoir? {h) What must be the* e*oe*fTie*ie*nt of 
friction of this material to pre*vent sliding at the upstre*am face? 

69. What woulel be* the* thrust of the ice per feiot length eif a masonry dam W’he*rc 
ice may form to a thickne*ss of 2 ft., wuth no lateral re'straint? (live* an answer for 
e*ach of the* conelitions includ(*d in P'ig. 68. 

60. If the se‘Ction of the dam sheiwn in Pig. 69 is drawn to scale anel is 70 ft. high, 
and weighs 150 lb. pe*r cii. ft., what must be the value eif a in Pip (7) in Se*c. 160 in 
oreier that the dam will overturn whe*n the rcse*rvoir is full? Neglect ice thrust. 

( IIAFTER IX 

61. A trapezoidal canal with side slope's 1:1 is to be constructed to carry 1,(XX) c.f.s 
at a velocity of 4 f.p.s. What should be the base width and the depth of flow in the 
channel to give the greatest hydraulic radius. 

62. Determine the economical size of cast-iron pipe to deliver continuously at a 
rate of 3 m.g.d. PiiK* e'osts $60 per ton, hourly wages 50 cents, the cost of pumping is 

5 cents f)er million-gallon-foot, and interest and depreciation are 7 per cent. Assume 
hourly wages, coat of lead, etc., are such that value of R, page 171, is 5.0. 
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63. Solve the preceding problem except that average delivery is to be taken as 
3 m.g.d., the rate being 1.5 times the average for 12 hr. and 0.5 of tlu* average for the 
remaining 12 hr. 

64. Determine the economical velocity in a cast-iron pipe 24 in. in diameter if the 
cost of iron is $30 per ton and that of pumping is 6 cents pt'r million gallons 1 ft. high. 
Rate of interest is 6 per cent. Depreciation is 1 per cent. Assume hourly wages, 
<‘Ost of lead, etc., are such that value of page 171, is 5 . 0 . 

66 . Twenty million gallons of water per day must be pumped 1,(X)0 ft. through a 
height of 30 ft. If the cost of inm, pumping, etc., are as in the preceding problem, 
what should be the diameter of a cast-iron pipe to convc*v this water? 

66 . A head of 85 ft. is available for an inverted siphon that lias a cajiaeity of 
325 c.f.s. Neglecting losses in transitions, compute thc‘ size of eoncn‘tt‘ pipe and 
the size of riveted-steel pipe required. 

67. Design the waterway of a bench flume to carry 500 c.f.s. if tin* slope is O.OOfl. 

68 . A circular aqueduct 18,000 ft. long passc's thnnigh five distinctly different 
cliisses of material and will require diflVrcut cro.ss .s<'ctions for economical dc^sign. The 
total permissible hea<l loss is 18 ft. From the following information dct<*rmine tiu' 
minimum possible cost of the aqueduct and its diann lcr in (‘acli section. 


Head 
loss, r* 

Division 1, 
length 
2,000 ft. 

1 

Division 2, 
•1,000 ft. 

Division 3, 1 
1,500 ft. 1 

Division 4, 

7,(XX) ft. 

Division 5, 
3,.5(M) ft. 

feet * 




- 








Area 

('ost 

Area 

( \)St 

An*a 

C’ost 

An *.*4 

('ost 

Area 

('ost 

1.0 

23 0 

$6,500 

43 1 

$7,500 

20.1 

$9,700 





1..5 

21.0 

5,700 

40.1 

6,500 

18.9 

9,200 





2.0 

19.7 

4,7tH) 

37 4 

5,700 

17.6 

8,600 





2.5 

17.1 

3,700 

35 1 

5,050 

16.8 

8 ,2(K) 

20.4 

$13,000 

59.-t 

#22,000 

3.0 

15.9 

2,500 

32.8 

4,4(X) 

15.9 

7,S(K) 

20.0 

10,8(X) 

33.8 

12,800 

3.5 

14.8 

2,200 

30.9 

3,900 

15.1 

7,4(K) 

19.6 

9,3(X) 

21 .0 

11,(XK) 

4.0 

13 7 

2,300 

29.1 

3.4(K) 

14.4 

7,000 

19.3 

8 ,(KX) 

14.6 

10,100 

4.5 

13.0 

2,400 

27.3 

2,800 

13.8 

6 ,6(K) 

19 0 

7, (XX) 

11.4 

9.600 

5.0 

12.5 

2 ,8(d 

25.7 

2,5(K) 

13.3 

6,3(K) 

18.7 

6,3(X) 

9.8 

9,4(X) 

5.5 

11.7 

3,300 

24.2 

2 ,2(K) 

12.9 

5,950 

18.5 

5,5(X) 

9.0 

9,1(X) 

6.0 

11.2 

3,9(K) 

22 7 

1,800 

12.6 

5,8(K) 

18.3 

4,9(X) 

8.6 

8,950 

6.5 

10.6 

4,5(K) 

21 .3 

1,650 

12.4 

5,7(K) 

18.2 

4,500 

8.4 

8,800 

7.0 ; 

10.1 

5,300 

19.9 

1,50(i 

12.2 

5,700 

18.15 

4,150 

8.3 

8,700 

7.5 



18.5 

1,400 

12.0 

5,800 

18.12 

3,900 

3,800 

8.2 

8,600 

8,600 

8.0 ! 



17.2 

1,400 

11.7 

5,900 

18.0 

8 0 

8 5 



15.9 

1,400 



17.95 

3,8.50 

7.9 

8,600 

9.0 


1 

1 • • • 

14.6 






7 8 

8,650 

9.5 


1 

13 3 




1 


7.7 

8,7(K) 

10 0 





m 

■ 'l 

1 • • • 

1 

1 



CHAPTKK X 

69, A 24-in. steel pipe line ^ in. thick and 300 ft. long is connc'cted with standard 
cast-iron flanges. Each end of the pipe i.s rigidly embcnlded in a concrete abutment. 









676 


WATER SUPPLY ENGINEERING 


If the joints are 20 ft. apart and there is 20-lb. tension in each bolt when the tempera¬ 
ture is 110®F., what will be the tension in each bolt at 32°F.? (a) How long must the 

pipe line be to stress the bolts to an intenisty of 8,000 p.s.i.? (Assume the bolts and 
bolt circle to be ^‘standard.’’) 

70. A cast-iron pipe 3 ft. in diameter is subject(‘d to an internal pressure of 100 p.s.i. 
Assuming a safe working stress of 8,000 p.s.i. in tcmsion, calculate: 

а. The thickness of the shell necessary to resist the bursting pressure only. 

б. If the pipe is buried in backfill which brings a load of 1,000 lb. per foot of length 
upon it, what must be the thickness of the shell to withstand this load? 

c. In determining the final thickness of the sh<‘il, would it be safe to assume that 
the thickness req\iir(‘d to resist the stress caused by the external load would also care 
for the bursting pn^ssure? 

71. A check valvc' on a 60-in. steel pipe line 3 miles long, in which the velocity of 
flow is 10 f.p.s., is closed in 1 sec. What is the excess pressure resulting from the closure 
of this valve*? Assume* that K for steel is 30 million p.s.i. and that the thickness of the 
8h(*ll is ^'2 in. 

72. If the pipe* line in Prob. 71 is conveying water at a velocity of 4 f.p.s., and a 
standard 90-(le*g, bend with flanged (‘nds is plac(*d in the* line*, what tension would be 
necessary in each bolt tei k(*e'p the joint tight? (For the number of bolts in a 60-in. 
bolt circh*, s(*e standards of the American Wat(*r Works Association.) 

73. If bell-and-spigot joints were useel inst(*ad of bolted flange joints, what would 
be the pressure, in jxmnds, against an abutm(*nt placed in the* middle of the outside 
of the* 90-deg. be*n(l in Prob. 71, if the abutm(*nt we*re to take the full thrust due to 
internal pr(*ssure and the elynamic fore*e n*sulting from the change in direction of the 
flow of wat(*r? 

74. A circular concr(*t(*-line*d intake tuiiiie*! from a lake intake* is 10 ft. in diameter 

anel 3 48 mil(*8 long. A epiantity of 50 rn.g.el. flows through the tunne*l to a wet w’e*ll, 
or suctiem pit, in the pumping statiem at the shore* e'lul erf the tunnel. A ve*rtical 
e*ylinelrical e*oncrete*-line*d surge tow'cr, 6 ft. in eluimete*r, is conne*cte*d to the intake* 
tunnel just above the e*ntrance ter the* suction pit. An autermatic shuterfl' valve is 
lercate*el be*twee*n the* surge t<rwe*r anel the sue*tiern }rit. (a) What w ill be the e*le'vatiern 
erf the wate'r in the* surge tower during nerrmal operatiern of the* {rumping station? 
Assume C’ =» 130, and ne*gl(*ct “minor” lersse*s erf h(*a<l. {h) What will be* the magni- 

tuele, or he*ight, erf the surge* wave* in the surge tower if the valve is shut erff in 30 see*.? 
Assume* the* ve*l(rcity <rf the {rre*ssure wuive in the funnel anel in the terwe*r ter be 3,000 
f.|).8 anel that the* coeflicie*nt of elischarge erf the <rpe*ning inter the surge* terw'(‘r is 0.8. 

CMIAPTKU XI 

76. The* South Irranch erf the N^ashua lUver at the Wachuset rese*rverir has about 8 
{M*r ce*nt of water surface* in a tertal elrainage are'a erf 118 sep mile*s. Mernthly data of 
runerff anel e*va{rerration from the* re*se*rvoir are* sherwn in the* ace*om{3anying table. It 
has be'cn ferund by studie*s that by raising the dam sufficiently to su{r{)ly a eleunand of 
60 rn.g.el. the water surface* of the* rese*rve>ir will be* increased to 16 pvr cent of the 
w^atershed are*a. (a) ( onstruct a ma.ss diagram of runoff frenn the new’ re*se*rv(rir ferr 
the* {rerierel eHrvered by the ace’ompanying table, making prerpe*r allerw’ance for the* 
increased lerss by e*va{)oration, and determine, graphically, the* caj^ae*ity of a reservoir 
ne<*e*ssary to supirly a e*ontinueru.s demanel of 60 rn.g.el. (b) Determine* the capacities 
of the* rc*ae*rv(rirs nece'ssnry ter su|){rly eae*h erf the* ferllerwing ave*rage rates of elemand, 
e*ontinuously, e\{rre*sse*d in million gallons pe*r elay: 15, 30, anel tJO. Assume that the 
eva{X)ration from e*ach .-eservoir is the same as that to supply a rate of 60 m.g.d. (c) 



APPEXDIX II 


577 


What would be time, in months, that water is fiowinfi; over the spillway of each 
reservoir? (d) What is the maximum rate of demaiid tliat could be supplied con¬ 
tinuously from this watershed, and what is the capacity of tlu^ reserv«>ir necessary to 
supply this demand, assuming the same evaporation as in part a of this problem? 
(() Determine, by means of a mass diagram, the requisiti' capacity of an impounding 
reservoir capable of supplying the varying rate of demaiul shown in the accompanying 
table, assuming that the res<‘rvoir surfac«- is 16 |X‘r cent of the watershed area. Suggest 


Mean Monthly Hi nofk. Evaporation, and Demand in 1n('Hes. on a Watershed 


Year 

January 

j F(*bruary 

j March 

April 1 

May 

June 

July 

1908 

2.57 

2.«>8 

3 75 

1 <»« 

1.90 

0.62 

0 34 

1909 

0.80 I 

3.96 

3.29 

3.75 

1 88 

0.98 

0.36 

1910 

Mean evaporation rate*, 

2.73 

1 

1 

2.84 

' 1 

1 2.18 

1.50 

0.93 

1.26 

0.08 

all years . 

0.96 1 

! 1 .05 i 

1.70 

2.07 

4.46 1 

5 54 

5.98 

Demand, all years. 

2.24 

1 30 ! 

1.12 

1.28 

2.88 ! 

3.02 

3.44 


Year 

\ugust 

S(‘pt(‘mb(‘r 

Detoix'r 

Xov«'n\b<'r 

I)ecomb(*r 

[ M«‘an 

1908 

0.68 

0.14 

0.21 

0 19 

0.60 

1.31 

1909 

0.30 

0.32 

0.14 

0.56 

0.83 

1.42 

1910 

0.28 

0.21 

0 10 

0.54 

0.10 

1.27 

Mean evaporation 
rate, all years 

5 50 

4.12 

3. 16 

2.25 

2.51 


Demand, all vears 

1 

3 30 

1.96 

1.54 1 

1.22 

1.51 



tiofij in constnicliiig diagrams use as a scale of a))scjssas 1 in. = 4 months, and for 
ordinates 1 in. = 12 })illion gal. 

76. The maximum tloo<I in a stream before l)uilding a dam for an impounding 
res(Tvoir was ,5,(K)0 c.f.s. lasting about 1 hr.; tin* fUm was alamt 4,(KH) c.f.s. for 8 hr. 
and 3,()(K) c.f.s. for 16 hr. The area of the impounding resiTvoir is 100 acres, tin* 
length of the spillway is 200 ft., the coefficient of the spillw ay is 3.6. {a ) How higli w ill 
water rise above the crest of the spillway, assuming that the water was flowing 6in. 
deej) at the beginning of the sudden storm? <h) llow’ liigh would water rise above the 
cr(‘st of the si)ilhvay to dischargt* r),0(K) <’.f.s.? 

77. If th(‘ impounding reservoir for which data an* shown in Fig. 03 los(‘s, annually, 
2 per cent of its present capacity due to silting, liow long b(*fore it will be able to supply 
only one-half of the rate of diunand shown in Fig. 03? 

78. It may bc‘ assumed that the spillway for the (Jeist Reservoir, Fig. 94, is 
designed so that tlu' inaxinuim head on it will flood land tx> the 700-ft. cont/our. (a) 
If the crest of the spillway is raised 5 ft., without increasing its discharge capacity, 
w^hat wdll be the increasetl storage capacity and how' many additional acres of land will 
be flooded? (6j If the cost of additional land flooded is 8100 prr acre, and the cost of 
raising the crest by an overflow' spillway is S25,fX)0, how nmch could be* saved by the 
construction of a siphon spillway costing $50,000 that w'ould provide the same addi¬ 
tional storage wdthout flooding additional land? 
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79. In what length of time will the water level in the Geist reservoir (Fig. 94) 
rise from an elevation of 787 to 790, if the rate of discharge over the spillway is 400/i^^ 
expressed in cubic feet per second when h is the head of water, in feet, on the spillway 
and the rate of flow into the reservoir is constant at 6,000 c.f.s.? 

80. (instruct two routing curves, whose abscissas are time and whose ordinates 
are elevation of water above spillway crest, for the reservoir to which the following data 
are applicable: 


Head above crest, ft. 

1 1 

0 1 

0 5 

1 0 ! 

1.5 

2.0 

2.5 

3 0 

3.5 

4 0 

Surface area, acres 

1 265 1 

270 

275 

280 

295 

300 

306 

312 

318 


The rates of inflow into the reservoir, in cubic feet per second, during each lO-min. 
mcrement of time aftcT the flood reached the reservoir, were 1,250; 2,500; 3,750; 
5,000; 6,250; 7,,500; 6,875; 6,250; 5,625; 5,000; 4,375; 3,750; 3,125; 2,500; 1,875; 1,250; 
625. The discharge over the spillway may be taken as 3.8 Ih in which I is the length 
of the spillway and h is the depth of water over tin* spillway, both in feet. Draw 
one curve for a spillway 80 ft. long and another for a spillway 200 ft. long. Then 
answer the following questions: (a) IIow many acres of land w^ere saved from inunda¬ 
tion by the eonstnietion of the 200-ft spillway? (5) What w'as the ratio of the 
maximum rate of overflow on the spillway to the maximum rate of flow into the 
r(»8ervoir? 

(IIAPTEH XII 

81. A small city purchased a centrifugal pump to he driven by an internal-com¬ 
bustion engine. When tin* bids were opened, the following proposals were found: 


1 

Name of liidder | 

(V)st of engine , 
and pump 

Guaranteed 
efficiency of pump, 
per c(*nt 

^ Fuel consumption 
at full load, 
gal. per hp.-hr. 

1 

$1,900 

70 

0.12 


1,,500 

65 

0 10 

V 

1,200 

62 

0.11 


Assuming that the pump is to deliviT 900 g.p m. against a total head of 100 ft. 
for 10 hr. per day and that fuel costs an average of 10 cents per gal, which is the 
best investment if the performances are as specified? Assume that interest plus 
depreciation is 15 per cent. 

82. If the pumps in the preceding problem are to be drivi'n by electric motors, 
with oyer-all costs of pump and motor the sam(‘ as for engine and pump given in 
the table and electric power costs 1.5 cents per kilowatt-hour, wdiat would be the cost of 
lifting 1 million gal. 1 ft. high if the most economical unit and type of powder were 
selected? 

83. Determine the maximum capacity of a 12-in. cast-iron suction pipe that pro¬ 
jects 5 ft. into a reservoir. The suction lift is 20 ft ; temperature of w'ater is 60°P" ; 
and elevation above sea level is 8,000 ft. The pipe is straight, is 100 ft. long, and has a 
Hazen and Williams coefficient of 100. Answer in gallons per minute. Note: Data 
on vapor tensions and atmospheric pressuri's at various elevations must be found from 
other books. 
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CHAPTER XIII 

84 . A 12 by 18 by 24 by 18 by 24 outside center-packed duplex crank-and-fly- 
whecl pumping engine when operating at 30 r.p.m. is found to have a slip of 18 per cent. 
What is the rate of delivery in gallons per minute? 

85. A pump and engine, with a duty of 100,000,000 based on steam, opiTates 
condensing with the use of a waterw'orks type of condenser. The water pressure is 
70 p.s.i. at delivery. Steam is 150 p.s.i. absolute. Vacuum is 20 in. of mercury. 
(1) How many degrees will the temperature of the water be raised? (2) If the duty 
were douhIi‘d, how much would the temperature be changed? (3) If the water 
pressure w'(»re doubled, how much w’ould the temperature be changed? 

86. A pump with a duty of 120,000,000 (based on H.t.u.) raises 50,000,000 gal. per 
day of w'ater against a head of 100 p.s.i. Neglecting steam-line and similar losses, 
w^hat should be the horsejxiw’cr of the Ixiiler? 

87. Illinois coal costing $4.25 per ton will evajwjrate 7 lb. of water per pound of 
coal from and at 212^"^'. Which will Im‘ cheaper, and h(»w much: 

a. A 125,000,000-duty plant on a coal basis? 

b. A 178,500,000-duty plant on a steam basis? 

88. What IS the low^c'st tluniretical water rate ixissible for a simph direct-acting 
steam pump using dry steam, if the boiler pressure is (a) 20 p.s.i., absolute*; (5) 
200 p.s.i. absolute; and (r) 300 p.s.i. alisoliite? 

89. What w'ill be tlie pow^r cost, in cents, of raising I million gal. of watc'r I ft 
high, by each of the follow'ing pumping units: ia) a steam pump with a duty of 100,- 
000,000 based on coal, (6) an electrically driven centrifugal pump with maximum 
(‘fficiency of 75 per cent, (c) an oil-<*ngine-driv(*n centri^'iigal pump with over-all 
efficiency of 75 jicr cent, and id) a ga.soline-engine-driven centrifugal pump with 75 per 
cent efficiem*y. The cost of coal is $4 per ton; electricity, 1.5 cents per kw.-hr.; oil, 8 
cents per gal.; and gasoline, 16 cents per gal. Idie consumption of oil is to be* taken as 
0.12 gal. per hp.-hr., and the consumption of gasoline as 0.10 gal. p(*r hp.-hr. 

90. The over-all lieat ('fliciency of a boiler in a waterworks pumping station is 80 
per cent. The coal u.sed costs $4 p(*r ton and contains 10,500 Tl.t.u. jier lb A high- 
.service steam pumping unit in the plant, discharging water at a gage pres.sure of 
120 p.s.i , delivers 522 hp. under full load, with a mechanical (‘flicienev of 88 percent 
and a w’ater rate of 50 lb. The boiler pressure is 1.50 j) s i. St(‘am is deliverc'd wdth a 
moisture content of 2 per cent. What is the cost of fu(*l used by this pumping equip¬ 
ment, expressed in cents per thousand gallons of wat(‘r pumped? 

(dIAPTKH XIV 

91. An overhead traveling cram* is to be installed in the jmmp room of a w'aterw'orks 
pumping station. It is to have a rated capacity of 10 tons. Three c*lectric motors wdll 
he required for its operation: one to move it along the room, om* U) move the* load 
.sidew'ays across the room, and one to raise and low’cr tin* load Only alt(*rnating (‘ur- 
rent is available. What sizes and types of motor should vou select for the services, and 
why? 

92. A waterworks pumping station for a city of 3,000 population i.s to lx* electrically 
equipped for power and light. The power is to be taken from the high-tension lines 
near the pumping station. These lines carry current at 33,000 volts, three phase, 60 
cycles, on three-wire feeders. If induction motors are to be used on the pumps, (a) 
what voltage should you us#^ for operating them? (6) What voltage should you use 
for the lighting circuit in the building? (c) What electrical equipment should you 
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install from the feeder line to each pump so that it can receive the proper current anti 
be fully protected against any normal eventuality? 

93. Make a descriptive list of the electrical ecpiipment that should be used in a 

waterworks pumping station similar to that in the city of-, except that all the 

electric power is to be generated at the pumping station by the use of steam. State* 
reasons for the use of each piece of equipment. 

94. A waterworks pum])ing station is U) be electrically operated, receiving current 
from the pf)wer lint* at 11,000 volts, three phase, 60 cycles, on three-wire feeders. 
The station is <*quipped with four pumps, each capable of throwing 400 g.p.m. 
against a head of 120 ft,, with an efficiency of 75 per cent, and two units each of 1,000 
g.p.m. against a h(*ad of 240 ft., at an efficiency of 80 per cent. Make a list of tin* 
electrical equipm(*nt that you would r<*quir(‘ for the operation of the pumps, and give 
reasons for its sel(*ction. Indicate the provisions that you would make for safety in 
operation and assurance of freedom from shutdown except as a result of stoppage of 
current from the line. 

96. If, in Prob. 04, power is to be manufactiirc‘d by the municipality in its own 
power-and-light plant, w’hat eh‘ctrical equipment should you provide for operating tin* 
waterworks jiumps? The power-generating and wat(‘r-pumping equipment are all in 
the same building. 

96. A d-c motor for low^-service pumping purposes is to be installed at the bottom 
of a pit wdiere conditions are w'et and the atmosphere is hot and humid. The motor 
must deliver bet vv(‘en 25 and 100 hp. continuously through reducing gears, to a recipro¬ 
cating pump w'hose speed may vary betw'cen 20 and 120 r p.m. Any desir(*d d-c volt¬ 
age can be made available. The efficiency of the reducing gear is about 95 per cent. 
List th(’ (‘lectrical eejuipment that you would install for IIk* operation of this pump, 
including the equipnu'nt on the switchboard. 

97. If the pump in Prob. t)() is to be us(*d as a stand-by unit, being operated onl\ in 
emergencies and starting under full load, what electrical eijuipment should you si'lect 
for its operation, inclu<lmg the eipupment on the switchboard? 

98. An electric motor is directly connectc*d to a centrifugal i)uinp to lift 1,000 g.p in. 
of water continuously against a discharge pr<*ssure of 100 p.s.i. The unit discharge's 
into a pipe line 2 mih*s long, lifting the water into an elevated tank. The pumping 
unit is one of many similar units in the pumping station, all di.scharging into the saim* 
pipe. Altt*rnating current is available at 220 volts, 60 cycles, three phase. What size 
and type* of motor shoulel you use* (a) if the unit has to start w ith the ehse'harge valve* 
open, ib) if the unit e*an be .started witli the discharge valve clo.se'el, (c) if tlie unit can 
be starte'el se) that the wate'r can be* by-pasae*el to a le)w-.se*rvie*e re'se'rveiir anel the* pump 
and motor can be* operate'el at any ele*sire*d s|>ee*el anel loael up to the* full load w he*n the 
discharge valve is ()pe*neel inte> the high-service elischarge* line*, {d) if the* e*levate*el tank 
were* shut eiff and the elischarge pre*ssure might lie be*twee*n 60 and 120 p.s.i. 

Notk: Make ne*ce‘.ssary assuinptieins of data not supplied and appropriate tei the 
e'onelitiems of the* pi*e)ble*m. 

99. A W'aterworks pumping station has an average* load e)f 10 m.g.ei. elischarged 
uneler a e*onstant pre*.ssure eif 50 p.s.i., wdth fluctuations in eliscliarge as .shown in Fig. 22 
for the average day. The w’ater is elischarge*el into a eiistnbution system on w’hich there 
is elevate»d steirage e)f 5(X),000 gal. capacity. Tlie pumping statiejii is equipped wdth 
thre»e motor-driven ceuitrifugal pumps, of equal capacity, each having an effie*iency of 
75 pt'r cent at all loads. Only two of the pumping units are to be operateel .simul¬ 
taneously, the* thirel being held as a stand-by. Each unit can be started under no load 
and slow’ly leiaded up to full load if desired. In addition the equipment is to include a 
Diesel-engine-driven centrifugal pump to be used as a fire pump. Rates for electrical 



APPENDIX II 


581 


energy delivered to the transformer at the pumping station at 2,200 volts are as follows, 
charges being payabU- monthly: first 1,000 kw.-hr. at fi cents per kw.-hr.; next 2,000 
kw.-hr. at 4 cents per kw.-hr.; next 3,000 kw.-hr. at 2 cents per kw.-hr. All over 6,000 
kw.-hr. at 1.8 cents per kw'.-hr. In addition there will be tht* following dt^mand 
charges: 150 kw. or over at 0.2 cents per kw.-hr.; 250 kw. or over at 0.3 eent.s per kw.- 
hr.; and 400 kw. or over at 0.5 cents jut kw.-hr. {a) Name the jxuver and typo of 
motors that you would use for each of the three units, (b) What wouhl be (he lejist 
cost for electric power for which you woidd be willing to op('rat(* this station for 30 
“average” days, without using the storage mi the distribution system? (c) State the 
schedule* under which y<ni W'ould (»perate to provide* the* minimum power charge*, (e/) 
Solve steeps b and c, utilizing the storage on the elistribution systt'iu. 

100. A singJ(*-stage e*entrifiigal pump delivers 1,000 g.p.m. against a he'ael of 250 ft. 

when running at 900 r.p.m. {a) What will be the* dise*harge pre.ssure‘ anel rate, at a 
spee'el of 1,200 r.p.m.? {h) At w’hat speH*d must it be* run to discharge 800 g.p.m., and 

what wemlel Ik* the he'ad at this sjH*e*el? 

101. A single‘-stage centrifugal pump, with an impe'lle'r 10 in. in eliameder, ele‘live*rs 
2,000 g.p.m. against a h(‘ad eif 1(X) ft. w1k*ii running at 1,200 r.p.m. What is its specifier 
spe'(*el? 

102. How’ many stages would be* r(‘e[uire‘el fe)r a centrifugal puinf) *e> deliver 2,000 
g.p.m. against a he*a(l e)f 100 ft. at a spe‘e*ei e)f 1,(KK) r.p.m. if the* spe*citic spe‘e*el of the^ 
He*rie*s is about 2,000? 

103. A thre*(*-stage‘ e*cntrifugal pump wdth 12-in. diame'tcr impe*llefs is e)f the* same*, 
type* as in Prob. 101. At what rate jinel again.st wlnit head w ill it elischarge*at l,(X>0 
r.p.m.? 

104. Xn 8-in. ce'ntrifugal jnimp has a straight 10-in. suctie)n pipe* lifting w’ate*r 10 
ft. vertie*ally fre)m the* sumj). The jaimp is elischarging inte> 1,(X)0 ft. e)f H-in. cast-iron 
pipe (Ilazcn anel Williams e*o(*fIicie*nt eif UK)) the e)utle*t e>f which is 200 ft. abeive* the* 
pumj). The* t<*mperature* eif tin* wate*r is 70°F., anel the* ]>are)me*te*r sheiws a j)re*ssun‘ 
of 29 in. of m(*rciirv. If ^he ('fiie*ie‘ncy e>f the ce)mbine*el pump and moteir is 80 p«‘r e*e*nt, 
anel its spe*e*el is l,,o()0 r.ji.m., at wli.it rate* is the* pump elise*harging, in gallems per min¬ 
ute*, wlien using 50 kw . eif curre'jit? Ne*gle*ct e)nly “mineir” le3sse*s e»f head. 

106. If the ceuitrifugal pump wheise* e*haiae*te*rislic curv(*s are* slieiwn in Fig, 1 12 
is b(*ing drive*!! by a ste*am turbine* with a he*at e*tiicie*ncy e)f 20 j)(*r e*e*nt, wliat is the* 
eluty e)f the e*e)m])ine*el turbine* anel pump? 

106. Ceunpute tlie* eliaine*te*r of the impe*ller ejf the* ce'ntrifugal iiunip whe>se* char- 
ae*t(*ristics are* shown in Fig. 112. 

107. What will be the* le*ast e*e)st of iK>wcrto raise* 1 millie)n gal of watc*r 1 ft. high if 
e*lectric power e*e)sts 1 e*e*nt j)e*r kw.-hr. anel the* e*entrifugal j)umj) whe>se* charae*te‘ristie*H 
are showui in Fig. 113 is elrive*n by an ele*e‘iric medeir with e*nicie*ne*y e>f 92 per ce*nt 
when elriving the pump at its maximum effie*ie*ne*y7 

108. Tests maele e>n a O-in. ce'ntrifugal jminp are shown e>n page* 582. Freirn these 
elata pled the charae*te*ristics, using elisch.argc in galleins per minute* as abscissas (1 in. 
~ 200 g.p.m.) anel he*ael in fe'ct as e>relinates (1 in. =* 20 ft.). Supe‘rimpe)He* em thi'se 
curves isoefficiency curves for 40, ,50, 60, anel 70 pe*r cent and w itliin 1 pe*r e*e*nt e>f the 
maximum efficiency. Alsei jilot horse*}M»w'cr curve's feir 5, 10, 15, 20, 25, 30, 40, 45, anel 
50 hp. Then answer the* folleewung epiestions: 

a. At w'hat spe'e'd, he*ad, and discharge is the pump most efficie*nt? 

h, Thre)ugh wdiat range's of head, spee*el, and discharge! will the* pump operate* 
wdthin 5 per cent of the maximum efficiency? 

c. What is the maximum effie*iene*y, anel what is the horse»iK>we‘r at that eifficiency? 

109. What is the specific speed of the* pump in Prob. 108? 
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Data fob Problem 108 


R.p.m. 

Head, 

feet 

Die- 

charge, 

g.p.m. 

Effi¬ 

ciency 

per 

cent 

B.h.p. 

R.p.m 

Head. 

feet 

Dis¬ 

charge, 

g.p.m. 

Effi¬ 

ciency 

per 

cent 

B.h.p. 

1.875 

121 

0 



1,425 

79 

0 




127 

200 

35 



83 

220 

40 



128 

400 

45 



86 

528 

55 



120 

450 

48 



84 

682 

63 



127 

730 

62 



80 

979 

75 



116 

1,150 

74 



78 

1,045 

77 



100 

1,600 

69 



65 

1,430 

67 



70 

1.710 

56 



42 

1,672 

50 



50 

1.730 

45 



10 

1,749 

33 



0 

1,760 



1,200 

53 

0 









58 

200 

40 ‘ 


1.613 

96 

0 




59 

400 

56 



100 

190 

39 



57 

675 

72 



102 1 

335 

44 



51 

900 

75 



103 

475 

52 



40.5 

1,210 

62 



104 

550 

.56 



20 

1,410 

40 



101.6 

800 

67 








95 

1,060 

76 



35 

0 




91 

1,180 

75 



37 

250 

40 



82 

1,400 

68 


1 000 

38 

395 

61 



70 

1,530 

62 



37 

550 

69 



10 

1,680 

34 



33 

750 

72 








24 

1,030 

62 



1 





15 

1,240 

41 



CUAPTVM XVI 

110. A Hmglo-strok(‘ piiiiip \\ itli a not valve surface of 7 s(|. in. is to diH<'harKe at an 
nveraRC rate of 10 K.j).ni. ’’I'he motion of the valv(‘ is harmonic, (a) What is the 
maximum specnl of travel of the vj Ive, in feet per minute? (b) What is the momen¬ 
tary maximum rate of pump discharge, in gallons p(T inimite? 

111. A two-stroke pump, with a 30-in. stroke, each valve having a net lifting sur¬ 
face of 10 sq. in., operates at 40 r.p.m., the valves moving ^^ith harmonic motion. 
The pump is equipped with a heavy flywheel. What is the average nominal capacity 
of the pump, in gallons per minute? 

112. The rod, or shaft, in a dilTerential plunger pump similar to that shown in h'ig. 
121 is 1.5 in. in outside diameter and 80 ft. long. The weight of the rod, valve, and 
plunger is 420 lb. The diameter of the pipe in which the rods operate is (i in. If the 
total lift from valve C is 40 ft., what must he the diameter of the diftereiitial plunger 
in ordei that ecpial w'ork may be done by the pump on the upstroke and on the dow’n- 
stroke? Neglect friction, [h) Ilow’ many gallons wdll be discharged on each stroke 
under such conditions? 

113. A deep-W'ell turbine pump is to lift 1,000 g.p.ni. for a total lift of 150 ft. If 
the diameter of the w’ell is to fit the pump, determine a satisfactorj" combination of 
imp<4lers and speed w'ithin th(‘ limits fixed in Sec. 279. 

114. A deei>-well turbine pump is to lift 500 g.p.ni. for a total lift of 300 ft. If the 
diameter of the impellers cannot exewd 9.5 in., how' many stag(‘s must be used and at 
w hat speed must the impellers run to remain w ithin the limits fixed in Sec. 279? 
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116. It is desired to raise 1 m.g.d. from an ordinary well by means of an air lift. 
The distance to ground water when not pumping is 100 ft. The sFK'cifie capacity of 
wells in the vicinity has averaged about 15 g.p.m. per foot of drawdown. The water¬ 
bearing stratum consists of fine running sand. It is underlaid by impervious clay and 
overlaid by a shale and sand not containing water. The distance fn)m the ground 
surface to the bottom of the porous stratum is 220 ft. Use smallest submergence 
ratio allowable within limits of lift stated on page 252. 

Design the well and pumping equipment, including the following: 

a. Depth of well, in feet. 

h. C^apacity of compressor, in cubic feet of fn'e air per minute. 

c. Size of air pipe, diameter in inches, commercial size 

d. Size of eductor pipe (use same diameter pipe from top to bottom). 

c. Starting and operating pressures, in pounds per square inch. 

/. Velocity at bottom of eductor pipe, in feet per second. 

116. (a) Design an air lift to raise 1,(XX) g.p.m. fiom a well, if the submergence is fit) 
p('r cemt, the efficiency is 30 per cent, and the total lift is 150 ft. (5) If the specific 
capacity of th(» well is 10 g.p.m., what should be the starting pressure and the oj)crating 
pressure of the air compressor, in pounds per square inch? 

CHArTKH XVIIl 

117. Determine the thickness of a cast-iron pipe for th(‘ following conditions (for 
nomen(‘latiire and procedure see Sec, 20fi): d «= 30 in.; * n,0(X) p.s.i.; P ^ 31,000 
p.s.i.; water-hammer allowance == 100 p.s.i.; static pressure = 120 ji.s.i.; i*\terjial 
loads = 2,400 lb. per ft.; field condition E (Table 53) prevails. In appmximately 
\\hat thickness class will this pipe lie? (Table 54.) 

118. First Street and Aveniu' an* each 40 ft. v^idi* between curb lin(‘s. Tlu*y 
intersect at an angle of 45 deg.. First Street running (‘ast and 'wt'st, and Av(‘nue A 
iu)rtheast and southwest. A 24-in. bell-and-spigot cast-iron jnpe line lies in Avemn* 
A, 3 ft. northwest of the soutln*ast curb line, running jmrallel thereto. Tin* center of 
the spigot end of a standard 12-ft length of pit-cast iron pipe* li(*s in the south curb 
line (ext(*nded) of First Street. It is de*sired to place a fire hydrant 2 ft. north of the* 
north curb line on First Stree*! and 22 ft. east of the intersection of the nearest curb 
lines on Av(‘nue A and First Street. The 8-in. pit-cast bi'll-and-spigot iron pipe line* 
to the* hydrant from Av’^enue A is to run easterly on First Street, 3 ft. soutli of the 
north curb line until the right-angh* turn is made to reach the hydrant. A valve is to 
be placed in this 8-in. line. Prejiare a sketch of tlie layout, showing the location of 
pipi* and specials, togc'ther with a bill of material to complete the work. 

119. A pipe line 20 miles long is to be constructed to convey 25 c.f.s. of water with 
a loss of head not to <*xee(*<l 0.1 ft. per thousand feet, {a) If n(*w^ pit-cast irtin pi[)e, 
unlined, is to be used, what would be the cost of the pipe* alone? liase the size of 
pip(* on the coefficients in Tabh* 6 and tlu* cost p(*r pound at Birmingham as shown in 
the latest issue of llu* Engineering Xvws^Record. (b) How much could be paid for 
centrifugally applied biturnastic lining of the best quality, without increasing the total 
cost for the pipe alone? (r) If the first costs of tlie entire finished job for lined and 
for unlined pipe are approximately equal, which kind of pijM* should you 8el(*ct, and 
w'hy? 

120. In laying out the pipes in a pipe gallery of a jmmping station, two flanged 
ends in a 12-in. line an* found to be 10 ft. 3*^ in. apart in a direction parallel to tlm 
axes of the two lines wdiich are, themselv€*s, parallel. The axes of the* two lines of 
pipe are 3 ft. 6 in. apart in the same horizontal plane. It is desired to connect th(*se 
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two pipes, inserting a 12-in. gate valve in the line. Make a sketch, and prepare a bill 
of material for this connection. 

121 . A 48-in. circular aqueduct is to be constructed on the surface of the ground 
in a mountainous and arid region of the Southwest, where transportation is difficult 
and costly. The maximum internal pressure to be resisted is 15 p.s.i. Transporta¬ 
tion charges fn)m railhe;ad to job are to he $5 per ton for any load of 1 ton or less. For 
loads above 1 ton th(* cost, in dollars, will be 5IF*, where W is the weight of the load in 
tons. What is the minimum cost of transportation from railhead to job for each of 
the following materials for 1,000 ft. of aqueduct: wood-stave pipe with 3-in. redwood 
staves, with bands, materials for cradles, and othcT appurtenances weighing about 
75 lb. per f(K)t of pipf*; spiral-riveted steel pipe; centrifugally cast iron pipe; transite 
pipe; butt-welded ste(‘l pipe; and reinforced-concrete pipe with shell 6-in. thick 
containing 1 part of cement to 5 of aggregate and 30 lb. of reinforcement per foot 
length of pip(‘? Material for e(jncrete, except cement, is available at the site of the 
work. 

122 . A large Japam*s(‘ city is considering the purchase of 125 miles of pipe line 
for an aqucnluct, and t h(‘ pric(‘s of the materials considered favor the use of a foreign 
cast-iron pip<* that can be delivered f.o.b., Kobe, at 10 i)er cent less than American 
cast-iron pipe. What arguments could you present in favor of st(*el pipe that can be 
delivered to meet the price of the competing cast-iron pipe. Most of tlie aqueduct is 
to be laid acn)ss mountainous country, requiring rail transportation for 75 miles from 
Kobe, followed by truck transportation for a maximum distance of 15 miles to the site 
of the work. 

123 . A steel conduit 21 miles long was proportioned for pressure' due to de'pth 

below the hydniulic gradient only. At station 1,052 +96 it is 307 ft. below that 
gradient and 511 ft. below the n'servoir surface'. At this station it is 48 m. in eliam- 
('t(*r; the st(»el is in. thick with double'-nvede'd lap joints m the longitudinal seams. 
The' joints have •'*H-in. rive'ts, stagge‘re*d, em a pitch of 2.28 in. in each row'. The rows 
are IJio in. apart. The jntch line to the; e'elge of the plate is in., and the lap 

eif the she'e'ts is 3 in. (\mipute stress p(*r sepiare' inch on the rive'ts (beith shearing and 
b('aring) and on the ne't plate due to the* eh'pth Ix'Iow the hyelraulic grade line. Assume 
the eliame'ter of the rivet hole to be in. gre*at('r than the diame'ter of the rivets. 
What is the efiiciene*y of the joint*’ 

124 . Design a weioel-stave pipe from the following data: eliamete'r, 72 in.; maxi¬ 
mum luMul, 50 ft.; allowable* tension in bands, 16,000 p.s.i.; thicknt*s.s of staves, D '2 
in.; swedling force of wooel, 100 p s.i.; safe crushing strength of wood, 650 p.s.i. 

126 . How much wire*, anel of what size, w'oulel be ne'cded for 500 ft. of w'ood-stave 
iwpe 3 ft. in internal diameter, subjected to a pressure head of 150 ft. of water? 
Size of stave* 2 by 6 m., crushing stre'iigth of w'ood 650 p.s.i., tensile strength of wdre 
band 20,000 p.s.i., swelling strength of w'ood 100 p.s.i. 

126 . (a) If the* conduit eiescribed in Prob. 123 w’ere of reinforccd-concrete instead 
of steel, and if the cniss section w’ere the same as that showui in Fig. 160 (page 290), 
W'hat should be the volume of concrete in cubic yards per foot length of conduit? (5) 
What should be the diameter of the circumferential reinforcement bars? (c) What 
should be the weight in iJounds of circumferential reinforcement steel, per foot length 
of conduit? (</) What should be the diameter of longitudinal reinforcement bars? 
b) What should be the w^eight of longitudinal reinforcement bars, in pounds per 
lineal foot of conduit? 

127 . (a) How many turns of the whc'el are necessary to open the valve in Fig. 

165? (6) Is this valve right-handed? (c) Determine from the scale of the figure 

about how many turns of the handwheel are necessary to open the valve in Fig. 169, 
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assuming the pitch of the threads on the valve stem to be the same as in Fig. 165. 

128 . Determine from the scale of the figure the approximate minimum length of 
key necessary to open the valve shown in Fig. 168. 

129 . How' many pounds pull would he required to start the o^K'ning of the valve 
shown in Fig. 170, under the following conditions: unbalanced prt'ssure against valve 
disk, 50 p.s.i. acting on the disk of a 10-in. gate valve; coefficient of friction of gatf* 
against seat, 0.2; area of contact between disk and seat is an annular ring, 10-in. 
inside diameter and 3^ in. wide; length of the valve-handle lever, 18 in.; effective dis¬ 
tance from the valve stem to the fulcrum, 6 in.? Neglect all other friction. 

130 . What will be the effect on the operation of the chei‘k valve shown in Fig. 175 
if valve M is closed? 

131 . If the length of the discharge pipe from the check valve shown in Fig. 174 is 
300 ft., and the velocity of flow through the 12-in. pijx^ sho^^n is 7 f.ji.s. at the moment 
that flow begins to stop, what will be the total pressure, in pounds, against the valvi' 
di.sk when the valve closes, if the area of the disk is 318 sq. in.? (a) Assume tlie pres¬ 
ence of no air chamber, (b) Assume that the air chamber is 12 in. in diameter and is 
two-thirds full of air. In the second case answ'cr approximately only. 

132 . What will be the effect on the operation of the valve shown in Fig. 180 if 
valve A is closed? 

133 . If the opening of the valve shown in Fig. 186 is 12 in. in diameter and the 
valve is at the bottom of a reservoir with water 20 ft. deep over it, what weight must 
be lifted in order to open the valve? 

CHAPTER XXI 

134 . If the average daily flow for Nov. 2, 1939, in Fig. 23, is HK),000 gal., what 
should be the capacity of an equalizing reservoir to ecpialize the rate of punqnng if (a) 
pumping is to be continuous? (b) the pumps operatt* at a constant rate and operate* 
only from 4 a.m. to 6 p.m.? 

136 . If the line for the average day in Fig. 22 (page 56) indicates the rate of 
pumpage before the installation of an equalizing ri‘S('rvoir, if the pressun* pumped 
against varies as the s(|uare of the rate of punijung, if the pr(*ssun* puinp(‘d against 
when Q is 1 m.g.d. is 50 p.s.i., if the population is 100,000, and if the cost of ])umping is 
6 cents per million gallons rai.s(‘d 1 ft., what will be the aiiproxiniate daily saving in 
pumping cost as a result of installing the equalizing reservoir? 

136 . If the averag(* hourly rate of pumping on an average day is 50,000 gal. per 
hr., how much equalizing storage capacity would be r<‘quired on the maximuin day if 
the demand were as shown in Fig. 22 (page 56) and the pumps Mere operated at a 
constant rate and for only 12 hr. per day. Solve by two methods. Use Toledo data. 

137 . Solve the preceding problem, using the minimum-day di'inaml curvi* instiuul 
of the maximum-day curve, and assume that the jmmps run at a constant rate for only 
8 hr. p(‘r day. 

138 . (o) What is the capacity of the tank necessary to equalizt* the* pumping at a 

continuous rate in Fig. 194? (b) If the distance fnmi the ground to the bottom of the 

tank is 100 ft., and the tank is 20 ft. deep, plot a curve with time as abscissas and 
pressures in pounds per square inch in the distribution system immediately adjacent 
to the tank as ordinates. 

139 . A pipe line is 8 in. in diameter and 5,000 ft. long with C = 120. An (devated 
tank wdth a height of 140 ft. from the ground to the base of the tank and a depth of 
20 ft. is connected to the pipe line 4,000 ft. from the pumping station, with the ground 
at the same elevation at the tank and at the pumping station, (a) When the flow 
from the end of the pipe line is 2,000 g.p.m., the pressure at tin* end is 60 p.s.i., and the 
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tank is not connected to the pipe, what must be the pressure at the pumping station ? 
(6) If the elevated tank is full and it is connected to the pumping station, what must 
be the pressure at the pumping station when the flow in the pipe line is 2,000 g.p.rn?. 

140 . An earth n'scrvoir to hold 15,000,000 gal. of water will cost $40d* per foot of 
length of wall, where d is the depth of the water in feet, and 50 cents per sq. ft. of 
reservoir area. What will be the least cost for which this reservoir can be constructed ? 

141 . Determine the economical height /f of a steel standpipe of capacity Q with 
the following unit costs and conditions: cost of steel is a cents per lb.; thickness of 
steel varies as 51D and as cD, where h and c are constants and I) is the diameter of the 
standpipe. The cost of the foundation varies as elP, where c is a constant. All oth(*r 
costs are representc'd by the <*onstant A. 

niAPTEU XXII 

142 . A city has rectangular Ijlocks 300 by 400 ft. The number of 250-gal. fire 
streams concentrated near on(‘ [)oint is 20. Design the water-pipe system for the 
immediate district so that the loss of head shall not exceed 10 ft. per thousand feet. 

Use smallest sizes of pipe possibl(‘. Design economical layout. Note: Pipes will 
not be all tin* same size. 

143 . How many two-way hytlrants throwing 200-gal. str(*ams could be located on 
an 8-in. pipe 1,250 ft. long if th(‘ hydrant spacing were 500 ft. and the loss of head in 
the pipe should not exceed 10 lb.? 

144 . rompute the flow distribution in each pipe of th<‘ crossover shown in the 
accompanying sketch, when tlu* ndative resistances of all the pipes betwoen letters are 
th(‘ sam(‘. Use tlie Hardv-(Voss method, tabulating your compiitations in ‘‘stand¬ 
ard" manner outlined in Sec. 388. 

^ B C 


100 

D E r 

146 . Water is entering a pipe junction at 1,000 g p.m. It is h'aving tlie junction 
through three pipes .1, /i, and V whose relative re.si.stanc(‘.s are, respectively, 4, 9, and 
It). The pi})(‘s are joined again at the ends opposite the junction from which they 
drain. What is the rate* of flow in each pipe in gallons p(*r minute? Solve by the 
method outlined in Sec. 389, a.ssuming that V = kH^ \ 

146 . (u) (\)mput(‘ the rate of flow in each pipe show n in the accompanying cross¬ 
over, follow ing tlu' method outlined in Sec. 389. (6) Using the preceding distribution 

of flow, correct it to the nearest 0.5 per cent by the Ilardy-C’ross method, (c) ( on- 

struct the 5-ft. pii'zoinetric contours (lines of equal pressure) with the pressure at F 
eijual to 75 ft. of water. Redraw the* sketch to scale, and show' the contours in their 
correct location. Use C = 100. (d) Explain the discrepancies found between the 

flow’ distribution in a and in b above. 
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CHAPTER XXIV 

147 . How many grains of hardness are equivalent to the various concentrations of 
hardness expressed in parts per million in Table 76. 

148 . If. B, butschlii and Dialister pneumosinies were shaped as cylinders, Ijow 
many of each could be packed into 1 cc.? Answer in millions. 

149 . Name the processes of water purification shown in Table 82, which rendered 
ix)table, according to the Standards of Quality of the V.S. Public Health Service, the 
Avater supplies at Toledo, Youngstown, Niagara Falls, Cincinnati, and lx>uisville. 

160 . The Hume Reservoir on the Murray River, in Australia, was heavily impreg¬ 
nated with anabaena in December, 1020. At the time of the condition the restTVoir 
was about 30 miles long and 3 miles wide, with an average depth of about 5 ft. and a 
maximum depth at the dam of 30 ft. Estimate the cost of ai)plying copper sulphate, 
if the cost of the chemical is 1 cent per lb., and the cost of labor and equipment for 
apidying the chemical from a power Iwat running at 6 m.p.h. is $2.25 per hour. 

(^HARTER XXV 

161 . A sample of water is found to have a turbidity of 200. (tO How can its 
turbidity be changed in tlu* laboratory to 150? ih) To 400? 

162 . Study an analysis of your home-town watcT supply, <»r sonu other publi<* 
water supply, and write a report on its sanitary quality as compared with U.S. Public 
Ih'alth Servic(* standards (Sec. 451) and with Table 79. 

163 . ()n(‘ hundred inillilitei’s of water, saturated with ox.\gen at 70'"F., is nrixr'd 
with 200 ml. of water saturated with oxygen at 50”F. Wlud will be tlie t<*mp(*i*atur(‘ 
and th(‘ jxTcentage satui*ation with oxygen of the mixture? 

164 . The oxygen dis.solved in the Des Plaines River at Riverside', Ill., has some*- 

times })een found to be about 12 jr.p.ni. for a temperature of 30"’('. (a) What is 

the porc(*ntage of saturation under this condition? (b) What is the I'xplanation of 
the phenomenon? (r) Would the condition indicate a potable water, if all other 
conditions were satisfactory? Why? 

166 . Compute tlie amount of oxvgen that is soluble in pure water at fi0'’K. and 
760 mm. of mercury, when the surface* is exjiosed ter the air, containing 80 per cent 
nitrogtm and 20 per c<*nt oxygen. The* re.sult shouhl lu* precise to the n(‘an*st 0.1 p.p.in. 
(Suggestion: (Vmsult Wliipjile, Jour. Aui. (Jinn. Soc., Vol. 33, p. 364, 1911.) Is 
it possible to (‘xpre.ss the n*lationshij) Ix'tween teinp(‘rature and dissolved oxygen 
under the preceding conditions, math(‘inatically? Why? 

166 . Prepare a hyjrothetical analytical report on the sanitary analysis of a W'at<T 
supply that you think should lx* condemnc*d. The* rejiort should be prc'jrared in a 
manner similar to that recommend('d by your .stat<* liealth authority, ^'our reasons 
for condemning the water should la* clearly stated. 

167 . On the evaporation of 1 1. of aqueous solution of sodium chloride it is found 
to contain 42 g. of NaCI. What w’a.s the conc(*ntration of Na(’l in the solution? 
Answer in percentage by weight and in parts per million. 

168 . Water enters a purification plant with a pH of 6.0. The next day the pH 
is 8.0. W'hat was the average pH for the 24-hr. period, assuming linear variation of 
hydrogen-ion concentration. 

169 . Of two bases that are slightly dissociated, one has a dissociation constant 
of 0.000018, and the other of 0.000072. What are their relative strengths? 

160 . If a molal sf)Iution of a nonelectrolyte will freeze at 1.86°C^ lower than pure 
water and a molal solution of HCl will freeze at 3.68° below 0°C., what is the per¬ 
centage dissociation of the HCl? What is its pH? 
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161 . C'ompute the dissociation constant of a 0.1 molal solution of zinc sulphate 
45 per cent dissociated, (a) What is the pH of a 0.01 molal solution of acetic acid' 
(fe) What is the pH of a molal solution (R)OH that is 0.42 per cent dissociated? 

162 . What was the most probable number of E. coli per 100 cc. as determined b> 
th<* following series of observations: of five 10-cc. jxirtions, four were positive and 
one negative; of three 1-cc. portions, two were positive and one negative; and one 
0.1-cc. portion was negative? 

163 . What was the E. coli index at a filter plant where the following observations 
were made for 2 months: 


Quantities tested, cc. 

1.0 

0.1 

0.01 

0.001 

Numb(*r of testa. 

60 

40 

60 

30 

Numb(‘r positive. 

40 

6 


1 


164 . A nii(*rose()pie analysis of a public w’ater supply is show'ii on page 130 of 
“The Microscopy of Drinking Water,” by Fair and Whipph', John Wiley & Sons, 
Inc., 1027. What an* the probabiliti(*s of this water’s causing complaint by the 
consumers? What would be the probable nature of the complaint? IIow should 
you proceed h) overcome the (lifficulty? 

166 . Prepare hypotlu'tical combinations for tin* water re])orted in Table 81, 
assuming tin* eoncemtration of Xa, (’a, and ('1 to be halved. 

166 . If it W'(‘re possibh* to remove tin* chlori(h*s from the w'ater reported in Table 81, 
would it be potabh*? Why? 


(dlAPTKH XXVr 

167. What was the turbidity of the water leaving the plain si'dimentation basin 
at Youngstown, Ohio, from October, M)23,'to September, 1924, according to Table 82? 
(/)) What was the turbidity of the same water leaving the coagulating basin? 

168 . (’om])ut(* tin* p(*riods of retention that are possible in the s(*dimt*ntation 
basins show n in Fig. 222, making reasonable assumptions of necessary dimensions 
not shown or that cannot be scaled. 

169 . Derive an e.xpression for the economical depth of an open circular settling 
basin in terms of lu'ight h, diameter d, capacity Q, the cost of appurt(*nances S. 
It is assumed that tin* unit costs of all necessary items is known and is expressed 
literally. 

170 . What would b(* the economical depth, in feet, of a square rc'servoir wu’th a 
capacity of 740,000 gal. if the cost of floor and roof, including columns, is $8 per 
sq. ft.; tin* cost of the wall, in dollars per foot of length, 0.8 times the square of the 
depth of w'at(*r, in fe(*t, in the reservoir; and the cost of pipes, valves, and other 
appurtenanc(*s, $1,000? There will be no excavation, backfill, or other items to be 
considered. 

171 . Three* op(*n rectangular s(*dimentation basins are to be constructed to allow 
periods of retention of 2, 4, 6, 8, and 10 hr., depending on the valves that are open 
or closed, when tin* flow’ through the entire plant is at the rate of 12 m.g.d. The 
basins are to be placed in a row*, side by side, u.sing a common dividing w'all between 
basins. All basins are of the same length and depth. No excavation or backfill is 
to be considered. The floor wdll coat $5 per sq, ft.; exterior walls, in dollars per foot 
of length, as in Prob. 170; interior, 25 per cent more than exterior walls; all appurte- 
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nances, $3,000. Considering no other items, what would be the least amount of 
money for which these basins could be built? 

172 . Make a sketch of the basins in Prob. 171, and show, in diagrammatic form, 
the piping and valve arrangement that would permit the periods of retention shown. 
Number each valve, and show, in a table, the ones that would be opt‘n and closed 
for each period of retention. 


CHAPTER XXVII 

173 . (a^ How many square feet of floor space would be required to store (i months 

supply of each chemical listed in Table 83 to ia*rniit the addition of 2 grains per gal. to 
a flow of 10 m.g.d.? (b) If the cliemieal is to be fed as n solution, what would be 

th(* volume of a solution storage tank for each of the chemicals list(*d in Table 83 to 
hold 8-hr. supply ami to dose 2 grains per gal. to 10 m.g.d., assuming that the greatest 
recommended solution strength is prepared? 

174 . In the operation of a coagulation basin it is found that optimum (*oagulation 
is obtained at a pH of 0.8 at wdiich point 0.05 grain of alum is reciuired per gallon of 
water treated. Unfortunat(‘ly, the natural pH of the watcT is 7.2, and wlnui alum 
alone is added, 1.5 grains of alum is required per gallon of watt'r tn'att'd. It is found 
by test that the addition of 0.5 grain of 60”IV* .sulphuric acid will reduce the pH so 
that satisfactory coagulation can be obtained with 1.0 grain of alum }>er gallon of 
W'ater treated. If the sulphuric acid costs 1 cent per lb. and tlu* alum $1.50 per 
100 lb., what will be the saving, if any, p<‘r million gallons of water treated when 
sulphuric acid is add(‘d? Answer in dollars. 

175 . How mucli natural alkalinity will be re(|uired in water to lx* coagulated if 
2 grains of alum is us(‘d per gallon of water? 

176. Hy how much is the sulphate hardimss of w’at(*r increased liy (‘oagulation 
with 1 grain per gal. of commercial “alum ” containing 17 p(*r cent aluminum sulphate? 

177 . In the coagulation of water with “lime and iron’’ 150 lb. of ferrous sulphate 
(crystallized) is added per million gallons of wuitcT. (n) How many pounds of 
commercial quicklime, containing 8.5 per cent CaO, must b(‘ add(‘d to comph'te the 
reaction, assuming no natural alkalinity in the water? (b) Is it more or l(*ss eco¬ 
nomical to add the iron first? Why? (r) If th<* water contains 12.0 p.p.m. of 
dissolved oxygiui at the start of the r<‘action, how' much will remain when coagulation 
is complete, as.suming no reaeration or change of tenip(‘ratur(‘ during coagulation? 

178 . If 0.5 grain of pun* aluminum suliihate is retjuirc'd })er gallon of watcT treated, 
w^hat w^ould be the cost of commercial alum costing $2 00 j>er 100 lb. and containing 
17 per cent aluminum sulphate, to treat 1,(KK),(MX) gal. of wat(*r? Answer in dollars. 

179 . ''Die stirring paddh's in a chemical mixing tank an* so arrangi'd that tin* 
sliaft that drives tliem should revolve at 2(K) r.p.in. A two-phase 60-cycle 110-volt 
motor revolving at 1,800 r.jim. is on hand. Only thre(*-pha.s(* 60-cycle 110-volt 
current is available. The motor has a rated capacity of 5 hp. («) If the <*ost of cur¬ 
rent is so low’ as to be negligibh*, what should you do in the situation? (b) If the 
curnmt costs 4 cents per kw .-hr., what should you recommend? (r) K after installing 
the equipment you found the paddles revolving in the wrong direction, how would 
you reverse' the motor? 

180 . The nominal capacity of a rapid sand filter plant is 1 m.g.d. Alum i.s u.S€'d 
as a coagulant, the rt'quired dosage being 1 grain of alum per gallon of waitT treated. 
Three solution storage tanks are used, each tank holding sufficient solution for 8 hr. 
dosage, (a) What should be the capacity, in gallons, of each tank? (b) Of what 
materials should the tanks be made? Why? 
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181 . If stirring paddles were installed in the solution-storage tanks in Prob. 180, 
how fast would the paddles revolve, in revolutions per minute; how large (diameter 
in feet) should they be; and what size (horsepower) electric motor would be required 
for driving the paddles in one tank? Assume (»ach tank cylindrical in shape. 

182 . Determine the dimensions of an around-the-end baffled mixing basin for a 
flow of 10 m.g.d. and a retention period of 20 min. What would be the probable 
loss of head through this basin? What would be the difference between the electric 
power necessary to lift the w^ator this height and the power necessary to drive floccu- 
lators that would give an equally satisfactory mix? (Suggestion: See Eng. News- 
Record, Vol. 99, p. 857; Jour. A.W.W.A., Vol. 21, p. 235.) 

183 . Draw to scale, showdng the dimensions of the pipes and fittings necessary, 
for a solution pot similar to Fig. 225, to hold sufficient alum to dose 2 m.g.d. of water 
at a rate of 2 grains per gal., assuming a recharge every 8 hr. Dimensions of pipers 
and fittings are to be taken from l^aVde 56 in so far as it is possible. Other dimensions 
are to be taken from standards, from manufacturers’ catalogues, or, where such infor¬ 
mation is not available, d«‘termined by yourself as designer. 

184 . Draw to scale a rectangular flocculation basin, with mechanically driven 
paddh'H, through which the water flows horizontally from one paddl(» to th(‘ next in 
series. Th(‘ V)asin is to care for a flow of 1 m.g.d. with a flocculating period of 45 min. 
It is to be 8 ft. deep. Show over-all dimensions of the basins and details of inlet and 
outlet devices or arrangtunents, state nominal horizontal flowing-through velocity, 
and estimate the size* ([mwer) of the motor and the daily cost of electric power for 
operating the mechanism if the unit cost for iK)W'er is 2 cents per kw'.-hr. Use maxi¬ 
mum pow(*r re(iuirements given in Sec. 531. Assume all necessary data not given 
in the statement of the ])rol)l(‘m. 

186. If the precipitator showm in Fig. 228 is 32 ft. in diameter at the top of th(‘ 
effluent collection trough, and it is treating a flow' of 5 m.g.d., wdiat would be the* 
diameter in millimeters of the smallest particle of flocculent material r(*moved wdthin 
the “sludge filt<*r zone*” according to Stokes’ law ? The water temperature is 20°(\, 
at which the viscosity of the water may be assumed as 1 centipoise. The d(*nsity of 
the particle remov(*d may be assumed as 1.05, w hen* the density of w'ater is 1.00 at 
20°O. Stokes* law is T = (id^{D\ — /ial/lS/x in which V = settling velocity of 
particle in water in centimeters })er second; y = acceleration of gravity in centimeters 
per second*, d = diameter of settling particle in centimeters, Di — density of W'ater 
in grams per c(*ntiiiieter*, = density of si'ttling particle m same units, and /u = 
coefficient of viscosity in jxiiaea. (h] If the settling partich* has a density of 2.65, 
what would be the small(*st size* removed? 

(TIAPTKH XXVIII 

186 . (a) What is the approximate nominal capacity of the filter show n in Fig. 230? 
(b) What W’ould be* the maximum velocity of flow' in any of the branch underdrains? 

187 . If tin* dej)th of water on the sand filter show’n in Fig. 231 is 50 in., how' many 
inches of iu*gativ(* h(*ad can be produc<*d at the surface of the sand? 

188 . A slow sand filter costs .1^125,000 per acre, exclusive of walls. The appurte¬ 
nances to each filter unit cost $3,000. The cost of outside walls is $18 per foot, 
and the cost of W'alls common to two basins is $25 per foot. The cost of the admin¬ 
istration building and other items common to the entire plant is $50,000. If the 
plant is to occupy 12 acres with rectangular units of equal area,iaid out in the most 
economical fashion, what w’ould be the least amount of money for which the plant 
could be built ? 
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189 . If the operator is called in emergency from the head house to the meter 
house at the filtered water basin, in Fig. 233, how long will the trip take him if he 
runs at 5 m.p.h.? 

190 . What should be the inside dimensions of a rectangular concrete rapid sand 
filter unit of the gravity type, capable of treating 1 in.g.d, at the standard rate of 
filtration? Show computations, and give reavsons for tlie selection of each dimension. 

191 . What are the approximate width and length of the operating gallery shown 
in Fig. 235? 

192 . What is the maximum head loss possible between washings of the rapid sand 
filters in F:g. 236 when the clear well is full? 

193 . (a) At what rat(‘ m\ist wju^h ^ater be supplied to the filter unit shown in 
Fig. 238 if the rate of rise is 24 in. per min.? (6) What should be the dimensions 
of each lateral wash-water trough? (c) If the value of K in the Baylis formula in 
S(‘C. 548 is 60, wdiat is the minimum time (length) of filter run on the unit shown in 
Fig. 238? Answer in hours. 

194 . A filter plant with a capacity of 12 m.g.d. is to include 12 rapid sand fil((*i 
units of ecpial capacity, placed in two rows of si\ units each. Kach filter unit is to 
be a monolith w’ith all walls 12 in. thick. The filters ar(‘ to lx* cf>nln)Il<'d by an 
automatic subni(*rged rate controller, allow ing a negat ive head as high as 111. Kxplain 
all computations and steps necessary to determine the length, width, and depth of 
the inside of each filt(*r box. 

196 . What are the effective size and the uniformity coefficient of 1h(* sand w’ithin 
the “.s|X‘cifi(‘d limits” shown in Fig. 242? 

196 . (\)mput(‘ th(‘ follow ing for a perforated-pipe underdrainage system branching 
from a manifold down the center of a 1 m.g.d. rapid sand filter unit, using w’ash wat(*r 
at 24-in rise per minut(‘. The tilter is 1.25 times as long a.'^ it is w'idi*; there is a single 
manifold pijie down its center, with branches on 6-in. c(*nt(*rs along the manifold. 
Determine (a) larg(*st cross-s(*ctional area of tlie manifold in scpiare inches, {h) largest 
cro.ss-.sectional area of one branch in square inches, (c) diameter of tlx* perforations 
in one lateral in inches, id) number of such perforations, (c) total area of jx'rforations 
in square inches. 

197 . ( Vimpute the cros.s-s(*ctional area, in square inches, of tlx* largest {Kirtioii 
of the manifold and for each branch in a separate air-wash distributxm system in a 
rapid sand filter unit of the size indicated in Prob. 196. 4'here is a single* manifold 
down the center of tlx* filter with branches on 6-in. centers. 

198 . If the distance* H in Fig. 217 is 10 ft., wdiat perc(‘ntage of the total head loss 
is represented by n(*gative h(*ad? 

199 . If tlx* dianiet<*r of tlx* throat of the rate controller shown in Fig. 248 is 6 in., 
the diameter to the* e*ntrance* eif the balanceel valve is 12 in., the* ve*locity eif flow 
through the thre>at is 16 f.p.s., and the diainete*r of the flexible diaphragm e‘\pe>se‘d to 
the differential pre'ssure* is 15 in., what is the magnitude of tlx* feirce due* to differemtial 
water pre'ssure, aixl is it te*nding to open or to close the* rate c4)ntroll(‘r? (N('gle*ct 
lo8.ses due te) friction.) 

200 . Compute the velocity of flow in each of the main pifies in the pipe gallery 
in Fig. 236 assuming that there are eight filter units on each side* of the gallery, all 
may be in ne)rmal operation at once, but only one filter may he washed at a time at a 
rate of 24-in. rise per minute. 

201 . A rapid sand filter plant, with 12 filter units, has a nominal capacity of 
24 m.g.d. If w^ater alone is used in w^ashing and the w^ash w'^ater is supplied from a 
wash-w’ater storage tank, what should be the capacity of the tank in gallons? 
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202 . A rapid sand filter plant, with 18 filter units, has a nominal capacity of 
24 m.g.d. If air and water are both used in washing, and the air is supplied from n 
wash-air storage tank, what should be the rapacity of the tank in cubic feet? 

208 . What would be the cost of cleaning one filter shown in Fig. 236, with caustic 
soda and soda ash, according to the figures in Table 86, if the costs shown in Table 85 
are in dollars per 100 lb. and NaOII costs $4 per 100 lb.? 

204 . If R in Streeter’s formula. Sec. 588, is limited as stated in Sec. 589, what 
would be the value of Ea and in what units would it be expressed? Assume T = 4 hr. 

CHAPTER XXIX 

206 . ExamiiH* U.S. Geological Surveyy Water Supply Paper 496, and name one 
city that has a V(*ry soft W'ater, one that has a moderately soft water, and one that 
has a water so hard as to be on the verge* of rejection as a public water supply. In 
each case state the hardness of the water supply in parts per million and in grains 
per gallon. 

206 . How many pounds of lime and soda ash should be added per million gallons 
to soft(‘n th(‘ water in Table 81? 

207 . A Middle* W(*st(*rn city w ith a {M>pulation of 50,000 has a w ater supply with 
a total hardiK'ss of 400 ]).p.m. Wliat w^oiild be the* annual savings per capita in the 
cost e)f soap if this wate‘r were* redeiced to a hardn(*ss of 100 p.p.m.? Base your 
conclusions e)n the* folle)W'ing referen(*es: Jour. A.W.W.A.y June, 1932, p. 859. Am. 
Cityy Vol. 39, p. 131. Jour. A.W.W.A.y Vol. 12, p. 398; Vol. 14, p. 406. Eng. News- 
Recordy Ve)l. 97, p. 780. 

208 . (a) How many pounds of lime*, (’a(()H) 2 , must be added to 1 million gal. of 

water te) re'elue'c the* e‘arbe)nate harelnt*ss from 2(K) }).i).m. to 100 p.p.m. according to 
reactions (1) and (2) in See*. 596? (5) If the water were* saturated with CO 2 at a 

temperature of 60°h\ w'he*n the* lime is aelel(*el, w hat would be* the* pe*re*e'ntage saturation 
after the re'action is e*omple*te*? (r) If reH'arbemation is applie*el at the maximum rate 
state*d in Se*c. 599, so that saturation with (’(>2 is re*storeel, how many pounels of 
CO-i, pe’r million galleins, escape* tei the atmosphe*re? 

209 . Five milliem gallons e)f w'ate*r, containing 250 p.p.m. total hardness, is to be 
8oft(*ne*el elaily threiugh gr(*ensanel ze*olite, through w hich the w^ater passes deiwnw^ard 
by gravity, (a) Plot a curve* wieh cubic fe*e*t of zeolite as orelinates anel period 
betwee*n re*geiieration in heiurs as abscissas, up te) a maximum pe*rie)d of 1 week. 
Make no allowance for any excess zf*olite* for any })urpe)se. (h) How many pounds 
of salt w'oulel probably be* use*ei w*e*ekly in the* operation of this plant? 

CHAPTER XXX 

210 . (a) How' many pounds e>f chlorine gas will be ree}uire*ei to apply a dose of 
0.2 p.p.m. to a millie)n galle)ns of wat<*r? (b) He)w many pounels of calcium hypo¬ 
chlorite (e*ommercial) w'e)uld be re‘quire*d for the same purpose? (c) How many 
jxiunds of II-T-H would be re*eiuirf*d fe>r the* same purpose? 

211 . (a) He)W' many parts pe*r million of chlorine must be added to the water in 

Fig. 256 to obtain a re\sidual of 1.5 p.p.m.? (6) If 2.5 p.p.m. of chlorine is added, 

what will be the re*sidual? (c) If chlorine e*osts 1.5 cents p(*r lb., ammonia costs 
3 cents pe'r lb., ammonia is to be added at a ratio to chlorine of 1:3 and it is desired 
to produce a resieUial of I p.p.m. of chlorine as indicated by the orthotolidine test, 
w'hat would be the saving in cost of ch<*niicals, per million gallons of w'ater treated, 
if break-point chlorination w'ere used instead of applying the chlorine-ammonia 
treatment ? 
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2X2. How much electric power, in kilowatt-hours would he n^quired for the 
sterilization of 1,000,000 gal. of water by ultraviolet light? The following reh'n'uees 
may be of assistance: Joar. A.W.W.A., Vol. 1, p. 564; Vol. 4, p. 172; Vol. 7, p. 325; 
Vol. 18, p. 775; Vol. 22, p. 959; Vol. 22, p. 12<K). Eng. Neivs^Rvconi, Vol. 79, p. 1021. 
Jour. New Engl. Water IForA-s, .4«soc., Vol. 29, p. 208. Atn. Jour. Pub. Health, 
Vol. 12, p. 320, Eng. Coiitr., Vol. 57, p. 46. 

213. How much electric ix)wer, in kilowatt-hours, would lx* recpiired for the 
sterilization of 1 million gal. of water by ozonization, according to the figures at 
AshU)n showm in Table 89? 


(TIAPTER XXXI 

214. Water issuing from a well contains no dissolved gases and 4 p.p.m. of ferrous 
hydroxide, (o) How^ many jx)unds of oxygen must lx* dissolved to oxidize* 90 p(‘r 
cent of the ferrous hydroxide to ferric hydroxide? {h) How much time will be 
required for the absorbtion of the oxygen by tli«* wal(*r? (Sugg(*stion: See Jour 
A.W.W.A., Vol. 24, p. 05. Kxjilain your conclu.sion.) 

216. A body of water at a tc'mperature of 50"(\ is 3 ft. dee]) and 10 ft. square, 
wuth a smooth, unbroken surface exjMised to the air. How long will I e* n’quir(*d for 
the percentage of saturation of oxygen to rise from 20 to 90? (Si.ggehtion: S»‘e 
Jour. A.W.W.A., Vol. 24, p. (il.) 

216. Plot curv(*s with eflicien(*ies as ordinates and conc(‘ntration of ('().. as 

abscissas, for various types of aerators. Kfficieiicii'S are to lx* meaHur(*ii in pen*(‘ntage 
removal of (X) 2 . A curve* is to lx* drawn for each type of a(*rat(>r studi(‘(l. (Sug¬ 
gestion: (’onsult Eng \ew}i-R(Cor(iy Vol. 90, p. 874. ,/e///. .t.WIF.I., Vol 11, 

p. 118. Pub. Works, Vol. 55, p. 251. Eng. Contr, Vol. 10. p 302. IIV////* IVerAN A* 

Eewerage, August, 1932, p. 275 ) 

217. The tabulated figur(*s show' tlx* changes in alkalinity and in ])H resulting 
from the addition of calcium carbonate to I 1. of wat(*r. What arc the alkalinity and 
pH of the water at Mcl..»ughlin’h saturation |)oint? How many pounds of lime, 
Ca(OHj 2 , must be added to 1 milli<ui gal of this wat(‘r to attain carbonate* balanex*? 


Alkalinitv 

1 1 

115 130 

142 

152 ^ 

1 

l.>8 I 

1 

160 1 

' 158 

151 

148 

pH. 

13 15 3 

6.4 

1 1 

(i.8 

7 2' 

i 

7 7 

1 

8 0 

8 1 

9 0 
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A 

Acetic a(*i(l in weed control, 542 
Acid mine wastes, tasles and odors, 414 
Acid-resistant piping, 322 
Acid solutions, storage of, 450 
Acidity, and pll, 418, 420, 421 
reporting of, 420 
significance of, 420, 421 
in water analysis, 417, 418, 420, 421 
Acidizing wells, 110, 111 
Acids, as algicid«‘s, 530 
for cleaning filters, 408, 400 
for cleaning pipes, 373, 374 
for cleaning well screens, 108, 110 
inhibited, 110, 374 
mati'rials to eonvi'y, 322 
Acme white oil, 543 
Acoustic well logging, 07 
Aeron, 520 

Activated alumina for flvioride removal, 
548 

Activated earlx)n, 552 -555 
advantages of use, 553 
with alum, 554 
applications of, 552 -555 
characteristics of, 553 
chlorine demand, 553 
coagulation, 531 
dechlorination, 531 
description, 552 
dosage, 554 
dry feed, 554 
explosive danger, 555 
fec'ding, 554 
filter runs for, 553, 554 
filtering material, 554 
point of application, 554 
quality, 552, 553 

to remove chlorine tastes, 530-532 
sol. 427 


Activated carbon, split treatment, 554 
storagt', 554, 555 

taste and odor control, 549, 550, 554 
tests, 552 
weight, 449 

Activated silica in coagulation, 441 
Aeration, algicide, 539 
iron removal, 551 
mangaiK'se removal, 551 
motlK)ds, 551 
organism control, 439 
purpos(‘s, 550, 551 

tast(‘ and odor removal, 544, 549, 560 
Aerators, 551 
Aftergrowths, 401 
Air, locating 1( al<s with, 377, 379 
flocculation with, 457, 458 
mixing with compressed, 457, 458 
Air landing of rapid sand tilters, 478 
Air chambers, on pumps, 211 
for water hammer, 211 
Air conditioning, water use for, 91 
AirHlisplaceinont pumps, 202 
Air distribution in filter washing, 475, 
482, 483 

Air-inlet valv<\s, 303 
Air-lift pumps, 242, 251-255 
booster, 255 
design, 252-255 
eductor pipe, sizc^ 254, 255 
efficiencies, 252 
submergeiK'e, 252, 253 
Air locks in pipes, 375 
Air-r(*lief valves, 303 
Air-washing, rapid sand filters, 475, 496 
Airplaru* engine tests, w'ater di'mand, 53 
Albuminoid ammonia in water analysis, 
410 

Algae, control of, 534, 539 
grow^th of, in pipes, 401 
in water, 399 
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Algae, and light, effect of, 398 
in rapid sand filtration, 498 
taste removal, 550 
Algi rides, 395, 539-543 
Alkalies in natural water, 385-389 
Alkalinity, causes of, 388, 389 
caustic, ill water, 398 
food for organisms, 389, 397, 398 
in gn)und water, 387 
rejx)rting of, 420 
residual, allowed in water, 415 
significance of, 388 
in water, 387 -389, 442 
analysis, 415-417, 418 
softening, 511 

Allen, (’. M., salt-velo(‘i1y measurement, 
30 

Alloys, corrosion of, selective, 320 
resistance to corrosion, 322 
Aloxite plates, filter underdrains, 482 
Alternating-current circuits, 213, 214 
Alternating-current motors, nee l^dectrie 
motors 

Alternating-current wiring, 215, 2l(i 
Altitude valve, 305, 306 
Altona, Clerinany, water filters, 5 
Alum, and activated carlx}n, 554 
black, coagulant, 441 
coagulant, 440, 441 
cost, 449 

color fixation, 443 
color removal, 548, 549 
commercial, characteristics, 444 
difficulties with, 443, 444 
dry fe(‘ding, 452 
historical use of, 5 
increase of hardness, 511 
in pi I control, 421 

reactions with sodium carbonate, 442 
residual, 444 
solutions, 440, 450 

pipes for conveying, 440 
strengths, 440, 450 
use in water softening, 511 
weight, 440, 449 

Alumina, activated, for fluoride removal, 
548 

and alkalinity, 387 

basic sulphates, formation, 442, 443 

in coagulation, 440, 442, 443 


Aluminum, 264 

compounds in water softening, 511 
paint, 324 

residual compounds, 444 
and silica in water, 547 
in water^ 390 
waterworks material, 264 
Aluminum oxide, residual, 444 
Aluminum sulphate {see Alum) 

Amc'bic dysemtery, Chicago outbreak, 406 
wat('r-borne, 393 

American cities, water demand, 59 
American Falls dam, 140, 141 
American (ieophysical Union, runoff, 124 
American Institute of Electrical Engi¬ 
neers, equipment rating, 222 
American Public; Hc'alth Association, 
water analysis, 411, 414 
American Research Committee on 
Crounding, 320 

American Society of Civil Engineers, 
sediiru'ntation liasin design, 429, 430 
American Sociedy of Mechanical Engi¬ 
neers, flanged fittings, 272 
American Society for I'c'sting Materials, 
cast-iron pipe fittings, 270 
industrial water analysis, 425 
Amc'rican Standard pipe threads, 274 
American Standards Association, cast- 
iron pipe, 266 
electrical equipment, 213 
pipe fittings, 271, 272, 274 
pipe tlir(*ads, 274, 275 
American Works Association, chloramina- 
tion, r(\s\ilts, 534 
chlorine determination, 528 
handling (‘hlorine, 527 
Manual of Safe Practice in Water Dis¬ 
tribution, 327, 367 

public relations activities, check ILst, 12 
specifications for concrete pipe, 286, 
287 

specifications for deep wells, 87 
specifications for fire hydrants, 263 
specifications for gate valves, 263 
specifications for steel tanks, 263, 344, 
345 

specifications for water meters, 63, 263 
threshold treatment, 558 
Water Works Manual, 379 
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Ammonia, alum, 441, 443 
amount required, 635 
application, 535 
bacterial food, 535 
and chlorine, hazards of, 535 
for leaks, 526 
treatment, 530, 534, 535 
corrosion effects, 561 
gas, characteristics of, 535 
handling of, 535 
organic food, 399 
for taste removal, 530 
in water analysis, 415. 417 
Ammonium in water, 390 
Ammonium chloride, handling, 449 
Ammonium hydroxide*, pH, 420 
Ammonium sulphate, in coagulation, 443 
Amphoteric substance, 427 
Amsterdam, Holland, manganese in 
water, 547 

Anaconda red brass, 102 
Analine, acid inhiVntor, 374 
Analysis of water (ftce Water, tuialysis) 
Anchor ice, 162 
Ancient waterworks, 1-4 
Angl(‘-flow pumps, 247 
Angle valve, 297, 300 
Angus, H. W., water hammer, 181 
Angus Smith coating foi pj]M‘, 322 
Animal life in \\ater, control of, 542, 513 
Anion exchangers, base* exchange, 515 
Anions, in corrosion, 315 
Ann Arbor, Mich., water softening, 506 
Aimual expense*, defined, 11 
Anthracite coal, filtering material, 476 
Antimony in lead pipe, 294 
Appia, Roman aqueduct, 1 
Appurtenances for steel tanks, 345, 347- 
351 

Aquaphone, leak locaRjr, 378 
Aqueduct, definition, 165 
Seville, 3 

Zempola, Mexico, 3 
Aqueducts, 165--176 
ancient and medieval, 2-4 
collection of water by, 10 
cross sections of, 166, 174-176 
definition of, 165 
minimum cost of, 175, 176 
Moorish, 3 


Aqueducts, Paris, PVance, early, 3 
pollution of, 406 
Roman, ancient, 1-3 
rough topography, 166 
Spanish, ancient, 3 
surge in, 170, 176 
typos of, 165 

velocities in, 167, 168, 174 
Aquifer, definition, 64 
Arch dams (ste Dams, arch) 
Area-capacity curve, reservoir, 188 
Arizona, prehistoric water sujiply, 1, 3 
Armeo iron, 102 
Arsenie, acid inhibitor, 374 
in natural water, 391 
Artesian spring, 67 
Artesian well (srp Wells, artesian) 
Asbestos-cement pipe, 168, 2H‘>, 291, 292 
Asbc‘stos coatings, 26-1, 322, 323 
Asbestos pipe joints, 264, 276 
Ashokan aqui‘duct, 165 
Asiatic cholera, 393 
Asphalt Institute, pipe coatings, 323 
Asphaltic coatings, tastes from, 531 
Asphaltic lining*^ for reservoirs, 333 
Asphaltum paint, 408 
Assessments, special, 16 
Assyria, early water supply, 1 
AHterwHcllay 392 
.M laid a, Ga., growth, 51 
Atlantie oeean, fresh-water springs, (>8 
Automatic pumping stations, 199, 225, 
22(», 240 

Auxiliaries, steam pump, 201, 208 
Axial-flow pump, 247, 248 

H 

Bacillus hutschhij size, 392 
Bacillus coli {see Eschvrirhia coli) 
Bacteria, aftergrowths in pip(*s, 401 
chlorination of, 523, 524 
corrosion caused by, 318, 319 
effect of acidity and alkalinity, 418 
food supply for, 398 
identification, 392 
iron, in water, 393, 394 
iron-consuming, in corrosion, 318, 393 
pathogenic (sec Pathogenic bacteria) 
reduction of, 429 
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Bacteria, removal of, 429, 602 
size of, 392 

sulphur, in corrosion, 318, 393, 394 
in water, 393, 394 
water-borne, pathogenic, 393 
Bacteriological analysis, 411, 421, 422 
Baffles in sedimentation basins, 433 
Bakersfield, C’alif., growth, 51 
Balanced valve, 303 
Balch, L. R., 82 

Baltimore, coagulation control, 421 
growth, 51 

Towson Rim ping Station, 225 
Barium hydroxide, coagulant, 441 
for removal of carbon dioxi(i(‘, 550 
Basalt, effect on watc*r quality, 387 
Base-exchange chc'inicals {sw Z(*olit(‘s) 
Bath, England, Roman baths, 3 
Baths, Roman, 3 
water requirements, 50 
Baylis, John R., on activated carlion, 553 
on filter runs, 473 
on filtering materials, 470, 477 
floe detector, 454 
Bazin flow formula, 32 
Bear-trap gate*, 152 
Bearings, centrifugal-pump, 234-230 
Bell-and-spigot joints, 272-274, 270 
Bench flumes, 107 
Bends, head losses in, 40 
flow around, stresses, 177, 178 
Benoclor, weed control, 448 
Bentonite, coagulation, 148 
reservoir lining, 333, 334 
Berea, Ohio, ultraviolet light, 538 
Berlin, CJermany, early ^^ater filter, 5 
Berm, 134, 138 

Bernard, M. M., on rainfall, 118 
Bernoulli’s theorem, 28, 31, 33 
Bethlehem, Pa., early cast-iron pipe, 4 
Bible, on water purification, 4 
water references, 1 
Bicarbonates in water, 388, 389 
Bimetallic corrosion, 315-317 
Biochemical oxygen demand, 416 
Biological action in corrosion, 318, 319 
Biological growth in water, 399, 400 
Biological incrustation of w'ell screens, 
102 

Birds, cause of pollution, 406 


Bismuth in lead pipe, 294 
Bituminous coatings and linings, 326 
as cause of taste, 531 
Black alum, coagulant, 441, 443 
Blankets, earth, for dams and reservoirs, 
139, 140, 185 
Blasting wcdls, 108, 109 
Bleaching clay for taste and odor removal, 
549 

Bleaching powder, disinfectant, 525, 526 
Boiler, scale in, formation and preven¬ 
tion, .388, 391 
steam, effic‘ienci(‘s, 201 
water softening for, 504 
w^ater treatment for, 405 
Bonds, 15-17 

limitations, 15-17 
retirement time, 15-17 
Bone in fluoride removal, 548 
Boost(*rs, air-lift, 255 
Bored wells (see W(‘lls, bored) 

Boston, early cast-iron pip(‘, 4 
early j)umping engines, 4 
Bottom currents in sedimentation basins, 
434, 435 

Bran, acid inhibitor, 374 
Brass, corrosion of, 320 
dezincification of, 320 
material for water works, 263 
pipe, 293, 294 
service pipe, 293, 294 
storage of chemical solutions, 451 
Brassert strainer, for wt‘lls, 111 
Break-jK)int chlorination, 532-531 
in iron and manganese nmioval, 546 
Brick linings for n\servoirs, 333 
Broad-crested weirs, 27, 28 
Bromides in nat\iral water, 390 
Bronze, as w'aterworks material, 263 
Bronze pipes, 451 

Browm, C. A., on reservoir silting, 188 
Brownian movement, 427 
Buildings, office, water demand of, 53 
Bumping rapid sand filters, 500, 554 
Bunker, G. C., on sand in well water. 111 
Burgundy pitch in pipe coatings, 323 
Buried pipes, loads on, 177 
locating, 377 

Bursting pressures in pipes, 177 
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Butterfly valve, 309 
Buttressed walls, 336 

C 

C in Hazen and Williams formula, 35, 37, 
326, 353 

Cj value in free-surface formula, 77 
C admiuni in lead pijK*, 294 
Cages, valve, 210 

Caisson method of w<‘ll construction, 87 
Calcium carbonate, balance {see Car¬ 
bonate balance) 
cl(‘aning flitters, 498 
solubility, 38, 387, 3S8 
in water softening {see Water soften- 

int?) 

(Ncc also Carbonat(‘s) 

(\ilcium chloride*, coagulant, 441 
dissolved in wat(*r, 388 
salinity, 387 
water content, 388 

Calcium compounds in water, 387, 388 
Calcium hydroxide (.srf Lime) 

Calcium hyiKiclilorite, dusinfeetant, 369, 
525 

pipes for conv<‘ying, 527 
Calcium oxide {st( Lime) 

Calcium salts in natural wab'r, 387 
Calgary, Al!)erta, pumps, 259 
( algon, 505, 522 

carbonate l)alance contnd, 505 

[set also Sodium hexametajdios- 
phate) 

California, doctrine of \\at<‘r rights, 10 
Southern, water evajjoration, 125 
Calking joints, 275, 277 
Calking tools, 277 

Calvert, C. K., disinfecting agent, 369 
Camp, T. R., on corrosion control, 315 
on pipe net\Nork analysis, 355 
on sedimentation, 130 
on side-channel spillway, 148 
( anadian Mt'teorological Service, 113 
C^anadian rat(*s of watc‘r demand, 52 
C^anals, atpieducts, 165, 166 
cross sections of, 166 
definition of, 165 
favorable conditions for, 165 
hydraulic efficiency, 166 


(^anals, linings, 167 
location, 165 

objectionable features, 165 
velocities, 167, 168 
Cancer, 407 

C’antilever wall ;, 332, 335 

(\anton, Ohio, jH>pulation, 48 

Capacity of distributing reservoir, 327. 

328 

(’apacity-area curve, reservoir, 188 
Cajien, C. IL, on pip(*-flovv co<*fli<*ients, 33 
on w'ater dc'inand, 47 
(‘apen flow formula, 32, 33 
Capital cost, defined, 14 
(5ij)italizetl cost, defined, 14 
( arbon <lioxide, in chlorination, 525 
in coagulation, 448 
corrosivc'iu'ss, 443, 505, 558-560 
dissolved, 387 

food for microorganisms, 399 
increased by alum 143 
with iron and manganesi*, 389 
in recarbonation. 510 
removal, 550, 551 
tastes and odois, 114 
in water, 387, 391, 394, 415 
in water soft(‘ning, 388 
(’arlMUi monoxide, 527 
Carbonate balance, 505, 509, 558-560 
(5irbonate coatings, 509, 560, 561 
Carbonate hardness, 388 
Car!)onates, alkalinity, 387-389 
salinity, 388, 389 
tastes, 414 

('arUmation of wuiter, j)urj)OH(* of, 544 
CarlMUiic acid, cleaning filt(‘rs w'ith, 498 
C’arborundum Co., filt(‘r underdrains, 482 
Carpenter, li. V., on sedimentation, 430 
Casings for w(*lls (sie W(4ls, casing) 

( ast-iron i)ipe, acid-resistant, 322 
aqueducts, 168 
centrifugally cast, 264 , 265 
coatings for, 322, 323 
design, 266-270 
diameter, economical, 171-173 
durability, 264 
early, 2, 3 

economical v<4ocitiea, 172, 173 
enameled, 322 

fittings and specials, 270- 276 
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Cast-iron pipe, flow in, diagram of, 36, 
and on tnside back cover 
foundry, 265 
joints, 272-277, 368 
d<‘fle( tioii of, 368 
laying, 367, 368 
lf*ngths, 270 
manufacture, 204, 265 
Me Wane, 21H 
modulus of elasticity, 180 
modulus of rupture, 266, 269 
physical prop(*rties, 269 
pit cast, 204, 265 
roughiK'SH, 353 
specials, 302 

specifications, 203-2()5, 269 
tarred, 322 
t(*sting, 308 
thickness, 200-270 
three-edg(‘ bearing test h»r, 260 
Versailles, 204 
(’ast-iron service* pipes, 294 
Cathodic overvoltage, 315 
('athodic protection, 320-323 
Cations in corrosion, 315 
Cation (‘xchangers, 515 
Cattails, 394, 542 

Caustic soda, for cleaning rapid sand, 
filters, 498, 499 
for water softening, 50S 
Cavitation, in centrifugal pumps, 238, 
239 

suction lift limit, 239 
and corrosion, 319, 320 
in shaft spillways, 150 
Ci'imuit, for chemical solution storage, 
440, 450 

material in waterworks, 2()l 
])ij)e joints, 201, 27(i 
pipe's (.sve Ceuicn-te* pipe's) 

IKUired joints, 204 

Ce'iiK'nt-lined pipe, 203, 293, 294, 325, 
320 

(Vneite*, Peiol of Sacrifice, 3 
Outer e)f pre'ssure, 23 
Cente'r-packed plunger pump, 209 
Central America, pre'historic w’ater sup- 
ply, 3 

CViitrifugal pumps, 190, 227-241 
advantages, 197, 228 


Centrifugal pumps, bearings, 234-230 
cavitation, 238, 239 
characteristics, 230-233 
classification, 233 
costa, 228 
couplings, 236 
deep-we'll, 247-251 
demanel charge, 234 
description, 227, 233 
disadvantages, 228 
drives, 221, 236, 237 
efficiencies, 227 
eye e>f, 227 
fire, 237 

impe'llers, 234, 235 
lifts, 227 

motor-driven, 220, 221, 237 

multistage, 233, 248 

Newton, Mass., 192 

operation, 239-241 

packing rings, 235 

jiarts, 234, 235 

pe'rformance, 227, 228 

priming, 237 240 

pumping statiem equipment, 192 

remote control, 240 

ri'versal, 223 

self-i)riming, 237, 239, 240 
series, 230, 231 
setting, 230, 237 
size, 234 

s])ecihc speed, 231, 249-251 

si)ee(ls, 221, 228 

stages, 233, 234 

starting, 220, 240 

status, 227, 228 

stuffing box, 230 

suction lift, 237-240 

suction line, 238 

theory, 228, 229 

thrust bearings, 235, 230, 247 

turbine, 227, 233 

type of impeller, 231 

types, 227 

volute, 227, 233 

wells (see Wells, pumps) 

(Century pipe, 291 
Cereal tastes, removal of, 549 
('heek valves, 300, 301 
with air chamber, 301 
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Check valves, on cross connections, 410 
on pipe lines, 170 
revolving-cone, 301-303 
slam of, 301 
slow-closing, 301, 302 
surge control, 198 
water hammer, 301 
Chemical analysis of water, 411, 415 
Chemical conditioning of water, 453 
(’’hemical feed, control, 451, 472 
devices, 451, 452 
dry, 451-453, 508 
solution, 451 
solution pot, 450 
(^hemical filter cleaning, 498, 499 
Chemical handling devices, 451, 472 
('’hemical mixing devices, 452, 453, 455 
Chemical solutions, materials for, 440, 
450 

pipes to convey, 440, 450-152 
preparation of solutions, 150 
stirring solutions, 450, 451 
storing, 410, 450 
storing devices, 472 
Chemical well logging, 97 
Chemicals, characteristics, 440 
for cleaning filters, 498, 499 
coagulating, 440-453 
costs, 119 
fp('d for, 150-453 
solutions of, 440, 450 
storing and handling, 440, 449 
water softening, 507, 508 
weights, 440, 449 

Chester, Pa., eoaguhition ^^ith elay, 448 
Cln^'zy formula, 32, 31, 37, 359 
Chicago, Til., air-conditioning water 
demand, 61 
amebic dysentery, 406 
demand for water, 55, 56 
filtering material, 478 
growth of population, 51 
intakes, 156, 159 
rate of sand filtration, 473 
sand for filters, 478 
shore intake, 159 

South Side Water Filtration Plant, 159 
Thomas Jefferson pumping station, 191 
water demand, 55, 56 
Western Ave., pumping station, 194 


Chichen Itzd, Pool of Sacrifice, 3 
Chilled-shot drilling, 93 
China, early water purification, 4 
Chironomidao, larva in water, control of, 
542 

Chloramine, algicide, 534 , 539, 510, 513 
disinfection v, ith, 524 
taste and odor eontn)l, 534, 535, 549, 
550 

weed control, 542 
Chlorides, in water, 389, 415 
in water analysis, 417 
Chlorinated cojiperas, 416, 447 
Chlorination, 523-534 
bactericide, 523 
bleaching powder, 525, 526 
break-ix)int, 532-534 
corrosion control. 561 
deehlorimilion, 530, 549 
double, 530, 531 

effect on Kmhmorha histolytica^ 523 
525 

effect with activatc^d carbon, 5.‘)3 
effects of, 52? 

hypothesc'H to (*xplain 'H-tioii, 523, 521 
manganese removal, 391, 521, 547 
of pipi'S, 369 

postchlorination in rajiid sand filtra¬ 
tion, 501, 502 

prechlorination in rapid sand filtra¬ 
tion, 531, 519 
reservoirs, 540 

superchlorination, 530, 531, 519, 550 
tastes and odors, 414, 544 
wells, 106, 111 
('hlorinators, 528 
Chlorine, as algicide, 539, 541-543 
amperornetric test, 530 
application of, 521, 527-534 
bactericide, 394, 524 
charactiTistics, 526, 527 
for cleaning rapid sand filters, 498, 199 
conveying liipiid, 527 
demand test, 530 
dioxide, 536, 549, 550 
for disinfection, amount recpiired, 525 
dose, 525, 532 

Endamoeha histolytica, offeet on, 523 ^ 
525 

handling of, 526, 527 
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Chlorine, iodoraetric test, 529, 530 
in iron and manganese removal, 394, 
524, 547 

Laux flash test, 530 
liquid, application of, 528, 532 
rnieroorganisms, control of, 395 
orthotolidine test, 520, 530 
for packing disinfection, 3fi9 
pip<*s for conveying, 527 
residual, det(*rinination of, 528, 529 
significance of, in wat(T, 389 
stabilization with alum, 443 
tastes ami odors caused by, 530, 531 
tests for residual, 528, 530 
v(*ntilation for, 527 
in wat^T analysis, 417 
water main disinfection, 308, 369 
weed control, 542 

Chlorine-ammonia treatment, 530, 534, 
535 

(’hlorophenol tast(‘s and odors, 530 
f’hlorophycc'ae in water, 395, 400 
(’holera, Asiatic, watcT-borne, 3t)3, 406 
Chromium, mat<‘rial for waterworks, 2(>4 
Circle systems of distribution syst(*ms, 
352 

Circuit breakers, electrical, 221, 225 
Circuits, electric, 216 
Circular sedimentation basins, 132 
Civil works Administration, water-w'orks 
fiiian(*ing, 17 

Clarifier, section through, 509 
(laudia aqueduct, Home, 2 
(4ay, in taste and odor r(*ino\al, 549 
blankets for dams and resi'rvoirs, 185, 
333, 334 

bleaching, taste and odor removal, 549 
coagulation with, 441, 448, 449 
material in waterw’orks, 264 
w ater conti^nt, 65, 66 
Cleaning, of mains, 373 375 

of sedimentation basins, 436, 437 
Clear water storage for rapid sand filters, 
495, 496 

Cleveland, Ohio, population growth, 51 
steam turbine test, 204 
Climatological data, 113 
Clorox, for cleaning filters, 498 
Coagulants (see Chemicals) 


Coagulation, 438-459, 544, 553 
basins, 458, 459 
upward flow, 459 
chemical used, 440, 448 
with clay, 441, 448, 449 
color, fixation of, 443 
removal of, 548, 549 
conditions affecting, 438, 439, 452 
control, 438, 439 
double, 439 

effect of activated carbon, 553 
effect of hardni'ss, 438 
factors affecting, 439 
floe formation, 438, 439 
mixing, 452 

period of ret(*ntion, 438 
pTT control, 421 
procf'ss (‘Xplained, 438 
purification of water by, 405 
sedimentation period, 438 
with silica, 441 
taste and odor control, 550 
Coal, as filt(*ring material, 17() 
as fuel, 195 

Coal distillation, taste caused by, 414 
Coal-handling equipm(‘nt, 201 
Coal-tar pipe lining, 263 
Coatings, asphaltic, 263, 322, 323, 414 
bituminous, 263, 414 
coal-tar, 263 
enamel, 263, 322 
formation of protective, 560 
lacquers, 322, 323 

and linings to prevent corrosion, 322 
resins, 322, 323 
vitreous, 324 
zinc, 323, 324 
Coke beds, 551 

(V)ke manufacture, w'ater demand, 53 
Colebrook formula, solution, 34 
Collins on zeolite water softening, 517 
C\)lloids, in w'ater, 426, 427 
removal by filtration, 460 
Color, blt'acht'd out, 402 

fixation in coagulation, 443, 444 
limit allowed in water, 404 
locating leaks with, 377, 378 
microorganisms, 395, 396 
removal, 405, 548, 549 
in w^ater softening, 504 
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Color, in water analysis, 412, 413 
Colorado, water demand, 59 
Colorado River, aqueduct, 165 
lost, 69 

Cblumbus, Ohio, hot-water corrosion, 561 
runoff probl(»m, Scioto River, 573 
(bmpensation water, 10 
Compensators ft)r steam pumps, 207 
Comiwund meters, 314 
Compound pipes, 41, 42 
(bmpton Hill Basin, St, liouis, 11 
Concrete', for reservoirs, linings, 333, 334 
roofs, 336, 338, 339 
(bncrete pipe, 168, 285-290 
applications, 285 
construction, 286 
corrosion, 286 
design, 287-290 
expansion, 289 
manufacture, 286 
monolithic, 286 
precast, 286, 288 
reinforceel, 287-290 
design, 288 
flexural stresses, 178 
hollow ring, 286 
methods of reinforcing, 287 
sections, 287, 290 
wall thickness, 287, 288 
specifications, 243 
wat(’r tightness, 287, 288 
Concrete tanks, cylindrical, 342, 313 
Condensers, j(*t, 207 
waterworks typt', 202, 207, 208 
Conditioning (flocculation) of N\ater, 456, 
457 

Cone of d(‘pression at a well, 72 
C’one valve, 301-303 
(Vmklin, J. A., on flo>v distribution, 360, 
361 

Conkling, 11., on rates of flow of under¬ 
ground water, 10 

Consumption of w'ater (see Water, d(*- 
mand for) 

Consumptive use of water, 124 
rates, 124, 125 
Contours, pressure, 359, 361 
Contraction, head loss due to, 40 
Cook w'cll screen, 100 
Copper, corrosion, 561, 562 


Copper, disease from, 408 
effect on water quality, 408 
material, 263 
plating, 324 

prevention of corrosion, 562 
rc'moval from water, 548 
service pipes, 293, 294 
in water, 390, 408 
(bpper-coated steel pipe, 325 
Copper siilphat(*, algicidc', 395, 534 , 53‘1 
541, 543 
application, 540 
characteristics, 540 
for cleaning filters, 498 
fungicide, 394, 395 
to kill fish, 540, 541 
microorganisms, control, 395 
taste and odor removal with, 549 
(bpperas (.svc Fi'rrous sulphate) 

(ore drill, 93 

Con' walls, earth dams, 138, 139 
('arth reservoirs, 333 
rnatf'rials for, 139 
Corporation cocks, 292, 297 
Corrosion, 315 32t) 
alloys, resistant, 320, 322 
bmietalhc, 315-317, 320, 321 
biologic action in, 318, 319 
and carbonate balance contnd, 505, 
50t), 558-560 

and care in manufacture, 322 

cathodic protection, 320-322 

cavitatioji, 319, 320 

cln'inical action, 317 

chemical control, 557 

cdieniical rt'action, 317 

chlorine for control, 561 

direi't oxidation, 317 

effect of ammonia, 561 

(*ff(*ct on w’ater (piality, 401 

electrochemical hyfKitlK'sis, 315 317 

electrolysis, 317 

galvanic or bimetallic, 315-317, 320, 
324 

hot water, 561 
hydrogenation, 317, 319 
inhibitors, 321, 322 
lime treatment against, 448 
metallic, 315-326 
chemical control, 557 
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Corrosion, methods of retarding, 320-326 
overvoltage in, 316, 317 
oxygen in, 317 
prevention, 320-326, 544 
protective coatings, 319, 320 
resistant materials, 322 
selective, 320 
solution pressure in, 316 
theories of, 315 
tuberculation, 319 
well screens, 102 
Cost, capitalized, 14 
estimates, 14 
Couch on pumps, 258 
Counterforted wall, 336 
Couplings, for centrifugal pumps, 236 
hydraulic, 237 
magm'tic, 237 
for steel pipe, 275 
for wrought pipe, 278 
('overs for sedimentation basins, 435 
eVaig, K. on manganese removal, 547 
('rank-and-flywheel pumj), 197 
('r(*ag(*r, W. P., on danis, 133 
Crvnothrix magnifera, 392, 393, 402, 547 
('resols in raw water, 502 
C'ross connections, 401, 409, 410 
C'ross, Hardy, analysis of distribution 
systems, 355-359 
on cro.s8over jirobleins, 43 
('rossovers, 43, 410 
(Votoii Acpieduct, section, 169 
(Vustacea, in water, 395, 396, 400, 542, 
543 

('urb stops, 292, 296, 297 
('urrent meters, 311-314 
('urrents, at intakes, 160 
in lakes, 398 
in water, 397, 398 
('utouts, electrical, thermal, 223 
(\vanophyceae in water, 395, 400 
(\v(*lea of gas engines, 256 

D 

Dakotas, artesian well field, 68 
Dale Street Reservoir, St, Paul, Minn., 
336 

Dams, 132-155 
arch, 132, 141, 141 


Dams, berms, 134, 138 
clay blankets, 139, 140, 185, 333, 334 
creep, 133 
diversion, 132 
earth, 132-134 

blankets, 139, 140, 185, 333, 334 
classification, 134 
core walls, 138, 139 
cutolf walls, 138, 140, 184 
drainage, 134 

embankment slopes, 134, 136 
failures, 134, 140 
freeboard, 134, 137 
hydraulic fill, 132, 134, 136 
materials for, 134, 135, 138 
puddle, 139, 184 
rolled fill, 132, 134 
safety, 140 
sections, 135 

slope protection, 134, 137 
slopes, 135-137 
top width, 134, 137 
earth-filled, 132-134 
earthquake shocks, 142, 146 
erosion, 142, 146 
Federal control, 132 
fishways, 155 
flotation, 142, 143 
flow net under, 133 
forces acting on, 142-146 
foundation, explorations, 132 
reactions, 142, 145 
gates, 150-155 
bear-trap, 152 
drum, 151, 152 
flap, 152 

hydraulically operated, 153 
needle valve, 154, 155 
rolling, 152, 153 
sliding, 152, 154 
Stoney, 153 
Tainter, 151 
gravity, 132, 140 
defined, 132, 140 
types, 140 

hollow gravity, 132, 140, 141 
hydraulic fill, 132, 134, 136 
ice pressures on, 142, 144 
logways in, 155 
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Dams, masonry, 132, 140-142 
classified, 140 

multiple arch, 132, 140, 141 
needle valves, 154 
outlet works, 147, 150-155 
piping, 133, 134 
porous foundations, 133 
purposes, 132 
rock-fill, 132, 142 
rolled-fill, 134, 135 
roofing, 134 
shear in, 143 

slab-and-but tress, 140, 141 
sites, selection, 132, 133 
sliding, 138, 143 
spillways, 27, 146-150 
steel, 132, 142 

subatmospherie pressures on, 142, 146 
timber, 132 
types, 132 
uplift, 142, 143 

water pressure on, 142, 143, 146 
wave action against, 137, 146 
weight, 142 

wind pressures on, 142, 146 
wood, 132, 142 

Danville, Til., population growth, 51 
Daphiiia, in water, 392 
Darco, activated carbon, 552 
Darcy formula, 32-34 , 38, 43 
Darcy’s law% applied to underground 
flow, 73 

and viscosity effect, 38 
Day, L. A., on superheated st(‘ain, 205 
DDT, insect control in wat(*r, 543 
De-Acidite, base exchanger, 514, 515 
Dead ends, flushing, 375 
not connected, 370 
tastes, colors, odors, 375 
Deaeration, 552 

Dechlorination, 530-532, 542, 549 
wdth sulphur dioxide, 531 
Decompression, dissolved gas removal, 
550, 552 

Deer Creek Dam, section, 135 
Definance, Ohio, chemical house, 472 
Delaw'are Aqueduct, 165 
Delaw^are River quality standard, 403 
Demand for water, (^anadian rates, 52 
character of district, 60 


Demand for wrater, domestic rates, 53 
effect of cost, 62 
effect of sew ers, 61, 62 
purposes, 51, 53 
time periods, 55 

{See aho Water, demand for) 
Demand charge, power, 234 
D(*mand-duration curve, 59 
Density of wat(*r, 397, 398 
Density currents in sedimentation basinsi, 
435 

Density flow in reservoirs, 189 
Dental caries, 390 

Denver, ('olo., rapid sand filtration, 467, 
468 

Deoxygeiiation (see D('aeration) 
Depreciation, 14 

Des Moines, Iowa, w'ater eoll<M*tor, 68 
Detectaphone, leak locator 378 
Detergents in water softening, 505, 521, 
522 

Developing wells. 108 110 
DezineificatioJi of hrasv^, 320 
Dialister pueumi siz(‘, 3<92 

Diamond drill in well con^t!uction, 93 
Diaphragm jmmps, 262 
Diarrh(*a, caused by watcT, 407, 408 
Diatomite filters, 556, 557 
Diatoms, 395 
growth in water, 399, 400 
Dichloramine, 525 
Diehlorj)h(‘nol, 542 
Diesel engine* auxiliaries, 258 
Diesel (*ngin(*s, ltl5, 257, 258 
Diffen*ntial-i)lunger pumps, 213, 241, 260 
Direct-acting sti'am pump, 201, 202 
Direct current, el(‘ctric, 213, 214 
transmission, 213, 214 
Disc m(‘ters, 311, 312 
Diseases, borne* by wrater, 393, 406, 407 
due to wate*r, 407-409 
Disinfection, water, 523-544 
chloramine, 524 
excess lime, 511, 539 
and filtration, 544 
methods, 523 
purpose, 523 
of reservoirs, 376 
of water pipes, 368, 369 
Displacement meters, 311-314 
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Displacement pumps, 196 
Dissolved gases, removal, 550, 551 
Dissolved minerals in water, 390 
Dissolved oxygen, in ground water, 416 
increased by aeration, 551 
in natural water, 397-399 
removal, 552 
in surface water, 386 
taste in water, 414 
in water analysis, 415, 416 
Distributing res(*rvoirs, 132, 327-351 
capacity, 327, 328 
classification, 327 
dams for, 132 
depth, 331, 332 
disinfection, 376 
earth, 332-334 

(‘levated {se( Elevated tanks) 
floors, 332, 336, 338, 339 
foundations, 331 
location, 330, 331 
mascmry, 334-339 

pn'ssure efTc'cts in distribution sys¬ 
tems, 330 
puriK)ses, 327 
roofs, 336, 338, 339 
standi)ip(*s, 340- 343 
types, 331 
walls, 331-339 

water-level indicators, 350, 351 
Distribution, Manual of Safe Practice, 
327, 367 

Distribution pipes, growths in, 510 
pollution, 106 

Distribution system analysis, 354-359 
pressure contours, 359, 3t)l 
rates of flow assuin(*d, 359-361 
Distribution system constriiction, Man¬ 
ual of Safe Practice, 327, 367 
work involved, 367, 368 
Distribution system design, 352-366 
Distribution systems, construction, 367 
description, 352 
effect on water quality, 401 
fire hydrant location, 362, 363, 372 
fire pressures, 362, 364, 365 
flushing, 369, 375 
maintenance, 367-383 

Manual of Safe Practice, 367 
work involved, 369, 370 


Distribution systems, maps, 353, 370 
372, 373 

microorganisms in, 534 
pipe sizes, 353, 354 
pressure analysis, 354-362 
pressure contours, 353, 361 
pressure tests, 379, 380 
records, 369-373 
sectional plat, 372 
service pressures, 361, 362 
study of existing, 366 
symbols, standard, 371 
tees and specials, location, 362 
thawing pipes, 369, 381, 382 
valve location, 362, 370, 372 
waste prevention, 370, 376 
Diversion dams, 132 
Dixon, G. G., on filter washing, 492 
Dodd, P. L, on coagulation with clay, 448 
Dolomites, effect on wat(‘r quality, 387 
Domestic water demand, 53, 60 
Dorr clarifier, 509 

Double-acting cylinder well pump, 243, 
244 

I>)uble chlorination, 530, 531 
Double filtration, 503 
Drawdown in a well, defined, 72 
Drawdown and recovery curve, wdls, 78, 
79 

Dresser coupling, 274, 275, 280 
Drifting-sand filter, 555 
Drill bits for deep well, 91-94 
Drilled wells (.tee Wells, drilknl) 

Dripping, water stealing, 377 
Driven wells {nee Wells, driven) 
Droughts, 130 

Dry feed, chemical feed, 451-453, 508 
Dry ice, use in well surging, 109, 110 
Dug wells (see Wells, dug) 

Dupuit, Jules, mathematics of wells, 76, 
77, 79, 80, 83 
Dupuit’s formulas, 74-80 
Duriron, 440 

Duty of steam pumps, 204 
Dysentery, water-borne, 393, 406 

E 

Earth dams {see Dams, earth) 

Earth pressures on dams, 145 
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Earth reservoirs, 332--334 
bottoms, 333 
clay blankets, 333, 334 
core walls, 333 
linings, 333, 334 
outlet pipes, 333 
walls, 332, 333 
Earthquake shocks, 142, 146 
on elevated tanks, 344 
East York, Pa., water demand, 52 
Eastern Hills Reservoir, Cincinnati, Ohio, 
335, 336 

Eberthella typhiy 393 
k>ho dam, clay blanket, 140 
Echo Reservoir, 184 

Economical diameter and velocity for 
pipes, 171-173 
Economizers, steam, 201 
Eddy, H. P., on pi I application, 421 
Eden Park Reservoir, Cincinnati, ()hk», 
331 

Eductor pipe for air lift, 254, 255 
Eel grass in water, 394 
Effective size of sand, 74 
Egypt, early water purification, 4 
Eich, H. F., population prediction, 49, 50 
FJjector, hydraulic, 260 
Elbow meters, 29 
Electric circuit breakers, 224 
p]lectric circuits, 216 
advantages of various types, 216 
grounded on water pipes, 320 
Electric, current, 213--215 
Electric eye, turbidity warning, 413 
Electric frequencies \ised in waterworks, 
215 

Electric fuses, action, 219, 223 
Electric generators, 208 
l]lectric grounding, 224, 320 
Electric measurement of undergnnmd 
flow, 70 

Electric motors, characteristics, 215-217 
compound-wound, 217 
dripproof, 221 

for driving pumps, 220, 221, 237 

enclosed, 221 

gear, 221, 222 

grounding, 224 

hazards, 222-224 

induction, 217, 218 


Electric motors, open, 221 
operating dangers, 222-224 
phase-w'ound, 218, 219 
polyphase, 217, 218, 222, 223 
powder of, 221 

power factor, 215, 217, 219 
protection, 223, 224 
repulsion-induction, 217 
series-Avoimd, 217 
setting, 224 
shunt-w'ound, 217 
slip-ring, 218, 219 
special-duty, 221, 222 
spet'ds, 220, 221 
splash proof, 221 
squirrel-cage, 217, 218 
starting, 219, 220 
submerged m well, 247 
subiiK'rsible, 221, 222 
synchronous, 217, 219 
variable^ spetals, 220 
W'aterproof, 221 

wound rotor, spc'cd control, 221 
Electric power, 195-197, 213 
cheapru'ss, 195 
use of water for, 53 

Electric pumping stations (.see Pumping 
stations, el<‘ctric) 

Electric relays, 225 
Electric switchboards, 225, 226 
Electrical equipment, 213 226 
installation, 226 
rating, 222 

Elc*rtrical fn'qmuicies us(‘d in wat<‘r- 
w’orkh, 215 

Electrical thawing of froz<‘n pqK's, 381, 
382 

Electrical thermal cutout, 223 
Electrical transformers, 224, 225 
El<‘ctrical well logging, t)7 
Electrode jxitentials, metallic, 316 
Electrolysis, 317 
Elevated tanks, 33t)-351 
advantages, 344 
appurtenances, 345, 347-351 
architectural treatment, 351 
balcony, 349, 350 
bottoms, 345-347 
capacities, 344, 345 
definition, 344 
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Elevated tanks^ design, 344 
earthquake stresses, 344 
ellipsoidal bottom, 345-347 
finial, 345, 349 

(late of Heaven Cemetery, 351 
ice difficulties, 348 
location, 330, 331 
overflows, 351 
painting, 321, 347 
purposes, 339 

radial-cone bottom, 340-348 
revolving ladder, 349 
riser pipes, 347, 349, 350 
rrM)fs, 345, 347, 348 
shell height, 345 
specifications, 263, 344, 345 
spider rods, 348, 349 
steel, 263, 344, 345 
stresses, 344, 345 
toroidal-bottom, 347 
tower details, 344-351 
types, 339, 340 

water-level indicator, 350, 351 
JClisha, water purification, I, 4 
Klims, J. W., on activated carbon, 531 
on filter underdrains, 479, 480 
on hydraulic jump mixer, 455 
Ells, loss of head through, 297 
Emergencies, 13, 406 
Emimmt domain, right of, 8 
Emuls<jid, 427 

Enam(‘l coatings for pip<*s, 322, 323 
lOnarnel paints, 323, 408 
Endamocha hisiohjtica^ 393, 394 
chlorination of, 523-525 
removal from water, 557 
water-borne, 393 
hlnergy line, total, 40 
linger, M. L., on water hammer, 183 
Engineer, classilication of work, 13 
(liiti(*s in waterworks management, 12, 
13 

Engine<‘ring rcj)orts, 13 
hiUgines, Diest‘l, 195, 257 
gas or gasoline, 195, 25tV-258 
hot-air, 258 

internal-combustion, 195, 256 
water p<)wer, 258 
wind power, 258 

Eosine, tracing undergn)und flow, 69 


Equalizing reservoir, 328-330 
I^xjuivalent pipes, 41-43, 354 
Escherichia coli^ habitat, 393 
index, 421-423 
limit in potable water, 403 
most probable number, 423, 424 
significance, 393 
test for, 393 
in water, 393 
Etemite pipe, 291 

Euphratc‘8 Valley, early water supply, 1 
European water demand, 51, 58 
Evanston, Ill., rapid sand filter, 473, 481 
Evapfiration, losses by, 112, 120 

from land surfaces, 122, 124, 127 
from water surfaces, 121, 123, 127 
Everdur metal, 102, 322 
Excelsior filters, 543 

Excess lime in water softening, 511, 539 
Expansion joints, 275 
Extensions, financing, 18, 19 

F 

Fabrin, A. O., 249, 250 
Fair, (J. M., distribution system analysis, 
356 

Falling head, discharge und(*r, 25 
Farr, F. Jr., distribution system analysis, 
356 

Federal ag(*ncies concerned with water 
suppli(‘s, 17, 404, 405 
Feed-water h(*at(*rs, 201 
Feed-water pumps, 208 
Ferric chloride, and chlorinated copp(«ras, 
446, 447 

in coagulation, 440, 446, 447 
handling, 440, 449 
Ferric coag\ilants, 447, 448 
Ferric hydroxide, protective coating, 560 
Ferric sulphate, and chlorinated copperas, 
447 

coagulant, 440 
handling, 447, 4*^8, 452 
in silica removal, 547 
Ferrous hydroxide in taste and odor 
removal, 549 

Ferrous sulphate, coagulation, 440, 441, 
444, 445 
cost, 449 
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Ferrous sulphate, deaeration, 562 
dry feed, 452 
manganese removal, 547 
reactions, 445 
solution, 450 

taste and odor removal, 549 
water softening, 511 
weight, 440 
Fetch of the wind, 138 
Fiber pipe, corrosion resistant, 322 
Fibrex, for pipe joints, 276 
Fill-and-draw sedimentation basins, 428 
Filter, aids, 556 
diatom ite, 556, 557 
early, at Poughkeepsie, N.Y., 5 
excelsior, 543 

gallery, undergn^und collector, 68 
sand, floe penetration, 461 

specifications, Chicago, Ill., 478 
types, 461 

(See also Itapid sand filters; Slow 
sand filters) 

Infiltration, color removal, 549 
cost, 462 

and disinfection, 544 
double, 503 

(‘fT(*ct of activated carbon on, 553 
hyix)theses to explain action, 460 
purpose*, 405 
through sand, 460-503 

(See also Papid sand filters; Slow 
sand filters) 
softening, 504 
pfinancc's, methods, 14-20 
Finial, 345, 349 

Fink, (J. J., on fluoride removal, 518 
Fire, de'inand for water, 52-54 
Fire flow and hydrant art*as, 363 
pfire hose*, couplings, standard threads, 
309 

friction in, 43, 44, 363, 364 
nozzle, 44, 363, 364 
nozzle problem, 44 
threads, 311 
P^ire hydrants, 309-311 
areas covered, 362, 363 
capacity, 45, 311 
care of, 382, 383 
drain, 310 

financing installation, 19 


P^ire hydrants, frozen, 370, 383 
location, 362, 363, 372 
maintenance, 370, 382, 383 
marking, 263 
packing, disinfecting, 369 
specifications, 263, 309 
standard, 309-311 
types, 310 

Fire pressures, 362, 364 
P^ire protection, cost, 6 
need for, 6 

water storage, 327, 328 
Fire pumps, centrifugal, 237 
steam, 212 

Fire strc'ams, effective reach, 45, 364 
electric wires, 365, 366 
height and disfanct*, 45, 364 
hydraulics of, 43-45 
sizes, 363, 364 

P'ish in water supplies, 396, 540, 541 
pfishing tools, W(41 construction, 91, 95 
P'ishways around dams, 15o 
P4ttings, h(‘ad losses in flowing through, 
40, 297 

malk'able iron, 277-279 
(See also lfip(*s, fittings) 
pflamant’s formula, 32, 173 
Planged joint for pip(‘, 274, 275 
P'lap gate for dams, 152 
P4ashl)oards, 150 

P’lexible joints for cast-inm pipes, 275 
Ploc, formation, 439 
index, 451 

measurf*ment, 454 , 455 
penetration of filter, 461 
Flocculating, with air agitation, 457 
bjisins for, 456 -458 
paddles for, L<‘xington, Ky., 458 
P’locculation, 452-454 
P'locculators, mechanical, 456, 457 
P'lood-flow estimates, 131 
P'lood-flow formulas, 131 
pflot)d8, in N<*w lOngland, 131 
routing of, 189, 190 
(See also Kunoff) 

Ploor and wall (‘onnections, 330 
P4oors, for reservoirs, 336, 338 
groined arch, 336, 338 
Flotation, of dams, 142, 143 
of intakes, 160 
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Flour, acid inhibitor, 374 
Flow, formulas, 32 
net under dam, 133 
of water in channels, 30-40 
Flowing-throu|?h period, sedimentation 
basin, 431 
Flumes, 165, 167 
materials for, 167 
for measuring flow, 29, 30 
rectangular concrete, 168 
undesirable, 168 
Fhior(*scein, leak detection, 379 
tracing underground flow, 69 
Fluoride and mottled teeth, 391, 407, 408 
Fluorides, in natural water, 390, 391 
removal, 547, 548 
Fluoriiu', effect on health, 407, 408 
Fluoroscope, leak detection, 379 
Fluorosis, caused by water, 407, 408 
Flush valves for water closets, 410 
Follansbee, Ilobert, evafwration, 121 
Fontaine de Vaucluse, France, spring, 68 
Foot valves, 210 
Force main, defined, 168 
Forced vortex, 229 
Forests on watersheds, 401 
Fort Wayne, Ind., rapid sand filter, 469 
Foundation, explorations for dams, 132 
porous, for dams, 133 
reactions on dams, 142, 145 
Four-cycle engines, 256 
Four-way valve, 307 
France, early cast-in)n pipe, 3 
Franklin Falls Dam, section, 135 
Frazil ice, 162, 163 
Fnv ammonia in water, 415, 417 
Free-surface curve, 71, 72, 76, 77 
Free water, 19 

Freeboard, of earth dams, 134, 137 
Freeman, J. R., fire flow formula, 54, 355 
Freezing of water in pipes, 380, 381 
Frequencies, electrical, 215 
Freundlich’s activated carljon, 554 
Friction coefficient in pipes, 33 
Frontinus, governor of Britain, 3 
and water supply of Rome, 2 
Fronde’s number, 31 
Frozen pipes, thawing, 381, 382 
Fuel oil, 258 

Fuller, G. W., at Ix^uisville, Ky., 5 


Fungi in water, 383-395, 399, 402 
Furnace eflSciencies, 201 
Fuses, electric, 219, 223 

G 

Gallery, underground, definition, 71 
Des Moines, Iowa, 68 
formula for flow into, 79 
infiltration, 68 
water collection, 68 
Gallionellay 393 

Galvanic corrosion, 315-317, 324 
Galvanizing, 322, 324 
Gary, Ind., intake crib, 158 
Gas engines, 195, 256 
Gases, dissolved, food for organisms, 
397-399 

removal from water, 550, 551 
Gasoline engines, 195, 256 
Gastro(*nteritis, water-caused, 408 
Gate of Heaven Gemetery, water tank, 
351 

Gate valves, area of opcuiing, 298 
double disc, 296, 298 
gear, and by-pass, 299 
head losses through, 297 
hydraulically operated, 296 
nonrismg-stem, 297, 298 
quick-opening, 298, 300 
rising-stem, 298 
specifications, 263 
types, 296 

Gayton, L. D., water demand for 
Ghicago, 61 

Gear motor, electric, 221, 222 
Geist Reservoir, 188 
problems, 577, 578 
Geology, effect on runoff, 120 
Geophysi(*al methods of logging well, 97 
prospecting for water, 84, 85 
Gerber, W. D., gravel-wall wells, 104 
Gibl)ons on taste and odor control, 549 
Gilt paints, 324 
Glass-lined pipes, 322 
Glauconite, 513, 514, 518 
Globe valves, 297, 300 
Glue, acid inhibitor, 374 
Gneiss, effect on water quality, 387 
Goiter, caused by water. 407 
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Gold as activator, 538 
Goldsmith^ C., fire stream formula, 364 
on water requirements for fires, 364 
Gooseneck, service pipe, 292 
Governmental control of water quality, 
7, 8, 404, 405 

Governmental grants and loans, 17 
Granite, water content, 66 
water quality, 387 
GraveJ in rapid sand filters, 478, 479 
Gravel-wall wells, 101, 103, 104 
Gravity well, capacity, 74-76 
conditions of flow into, 71-73 
definition, 71 

Great Lakes, depth of currents, 398 
ice piles, 162 

intake structures, 156-158 
Greensand, zeolite, 513, 514 
Groined arclu^s, 336, 338 
Grott de Han, limestone cave, 69 
Ground-key valv<‘, 307 
Ground surface, infiltration capacity, 112 
Ground water, 73-83 
carbonic acid contemt, 387 
direction of flow, 84 
dissolved oxygen content, 416 
iron content, 389 
legal classification, 9 
locating, 65-69, 84, 85 
occurrence, 64-69 
ownership, 8, 9 
physical laws of flow, 73, 74 
pollution travel, 400 
protection of quality, 400 
quality, 385 387, 116 
replenishment, 69 
rights, 8, 9 
sanitary quality, 387 
table, 64, 84, 1*07 
tracing flow, 84 

velocity of flow, 69, 70, 73-75, 84 
Ground-water table, definition, 64 
location, 64, 84 
lowering, 107 
overflow, 64 

Grounding electric currents on water 
pipes, 320 

Grouting, dam foundation, 184 
Guernsey Dam, Stoney gate, 153 
Gullans on odor removal, 550 


Gunite process, 337 

Gutters, wash-water (nee Rapid sand 
filters, wash water) 

Gypsum, dissolved in water, 387, 388 

n 

Hail, meteorological source of water, 112 
Hainc»s standard for water q\uihty, 403 
Halmos, K. K., on surge, 182 
Halazone, disinfectant, 525 
Hammond, Ind., filter hoiise, 170 
Hann, V., ozi>ne treatment, 537 
Han«en Dam, sf'ction, 135 
Hard water («cc Hardness in water) 
stiffening of (set Water, softening) 
Hardin E. A., rapid sand filtration data, 
468 

Harding, (\ F., on fire strc*ains, 3()5 
Hardness in v\ater, earlxmate, 388 
eoagulation. 438 
efT<»ct on soap, 388 
incnaised In u.-'(‘of alum, 511 
perman(‘nt dcdined, 3SH 
pliysiologicai (‘ITects, 408, 409 
sulphate, 388 
temporary, defined, 388 
water eontent, 387, 388, 415 
(‘aus(‘ of, 388 

Harper Diversion Dam, flaj) gates, I,52 
Hattiesburg, Miss., air lift, 252 
Havana, (\iba, water dtunand, 59 
Hazen, Allen, (‘ffective size of sand, 74 
on flow through sand, 73- 75 
on sedimentation, 430 
uniformity eocdfieieiit of sand, 74 
Hazon, II L , pi])e network analysis, 355 
Haz(*ii and W ilhams formula, 31 33, 37 
applieations, 37, 172, 355, 356, 360 
(\ 35, 37, 326, 353 

nomographic chart, 36; ami on inside 
hack cover 

Head-loss gage for rapid sand filter, 494, 
495 

Head losses, in fittings, 40, 297 
in pipe, minor, 39, 40 
in service pipes, 293, 297 
in valves, 297 
Heat as a disinfectant, 523 
HeJieal-flow pumps, 248, 262 



612 


WATER SUPPLY ENGINEERING 


Hematite, effect on ground water, 389 
Hemispherical-bottom tanks, 346 
Hemp, for joints, 272, 276 
disinfecting, 369 

Hepatitis, water-borne, 393, 406, 407 
Hermany, C^harles, rapid sand filter 
tests, 5 

Herschel, Clemens, Homan water supply, 
2 

venturi meter, 28, 29 
Hetch Hetchy Aqueduct, 165 
Hezekiah, water supply, 1 
Hicox, (i. II., friction coeflicient, 34 
High-silica pipe to resist acids, 322 
Hinds, Julian, dams, 133 
flow formulas, 33 
Hist(^ry of water supply, 1-3 
Hoover on runoff, 128 
Hoover, C. P., carbonate Ijalance, 559 
corrosion control, 561 
Horner, W. W., infiltration, 125 
Horton, A. H., infiltration, 125 
Hose, couplings, threads, 311 
Hospital, water use, 53 
Hot-air erigim*, 258 
Hot water, corrosion by, 53 
Hotel, water use by, 53 
Howard, N. J., on iodoform tastes, 530 
Howland, VV. K., distrilnition system 
analysis, 35f) 

Howson, b. H , water storage, 327 
HTH, cleaning filters, 498 
in disinfection, 526 
pipe disinfection, 369 
Hudson, H. \V., uat<‘r softiuiing, 504 
Humphrey pumps, 262 
Hursh on runoff, 128 
Hyacinths in >\ater, 394 
Hyatt, Alpheus, patent, 5 
Hydrants, fire (see Fire hydrants) 
Hydrated lime (m’ Lime) 

Hydraulic couplings, 237 
Hydraulic ejector, 260 
Hydraulic grade line, 40 
leak location, 377 
Hydraulic Institute, 238 
Hydraulic jump, mixer, 455 
Hydraulic mixing devices, 455 
pumps, 262 
ram, 258 


Hydraulic mixing devices, valves, 309 
Hydraulically driven pumps, 262 
Hydraulics, 21-45 

Hydrochloric acid, cleaning filters, 498 
Hydrodynamics, definition, 21 
Hydrogen, exchangers, 514, 515 
and zeolite, 514, 515 
Hydrogen ion, in water, 391, 392 
in w^ater analysis, 418, 419 
{See also pH) 

Hydrogen sulphide, in corrosion, 318 
odors, 414 

in water, 390, 399, 414 
H.ydrogenation in corrosion, 317, 319 
Hydrograph, 128, 129, 186 
Hydrological periods, 116 
Hydrology, definition, 21 
Hydrostatics, definition, 21 
Ilydrotite for poured joints, 276, 277 
Hypochlorite of lime, 369, 525 
Hyjx)chlorous acid in chlorination, 524, 
525 

HyjM)th(‘tical combinations in mineral 
analysis, 425 

I 

Ice, anchor, 162 

difficulties at intakes, 159, 161, 162 
effect on runoff, 120 
forms, 162 
frazil, 162 

pressures, 142, 144, 162 
Illinois, University of, intc*rference be¬ 
tween W(‘lls, 81 

Iinp(‘ller, centrifugal pump, 234, 235 
IniiKiunding resi'rvoirs, area-capacity 
curve, 188 

collection of water, 10 
dams for, 132 
defined, 184 

depth-capacity curve', 188 
disinfection, 376 

hydrograph and mass diagrams, 185- 
187 

losses from, 187 

measurement of capacity, 187, 188 
requisiU' capacity, 185, 186 
site, characteristics, 184, 189 
preparation of, 185 
(See also Reservoirs) 
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India, early water purification, 4 
Indian Punjab, water demand, 59 
Induction motors (s€je Electric motors) 
Industrial water, analysis, 425, 426 
use of, 53 
Inertol, 520 

Infiltration, capacity of soil, 112 
gallery, 67, 68 
on watersheds, 125, 126 
Inhibitors, corrosion, 321, 322 
Inlet and outlet devices, sedimentation 
basins, 430, 433, 434 
Insects, pollution of vvatiT by, 406 
in water, 396, 401, 402, 542, 543 
Insulation for pipe, 380, 381 
Intake crib, Chicago, Ill., 156 
Clary, Ind., 158 
Intake pipe, 158, 159 
Intake wells, 163 
Intakes, 10, 156-164 
conduits, 160, 161, 163, 164 
currents, 100 
design, 160, 161 
external forces, 159-161 
flotation, 160 

ice difficulties, 159, 161, 162 
location, 159 
movable, 158, 159 
overturning, 159 
ports, location, 157, 161, 162 
prot(*ction from pollution, 400 
purposes, 156 
riverside or shore*, 160 
screens, 161, 162 
stud}" of currents, 159, 160 
subnierg(‘d, 156-158 
surge, 182, 183 
towers, 157 
dry, 157 
wet, 157 
typ(‘s, 156 

wave pr(‘ssiires, 159-161 
wind pr(*ssur(‘s, 161 

Interc(*ption, and evaix)ration, 124, 125 
of runoff, defin(‘d, 124 
Interconnections, 410 
Interference between wells, 81, 82 
Intermittent pumping, (*ffect on demand, 
61 

Internal-combustion engines, 195, 256 


Intestinal derangements caused by water, 
407, 408 

Iodides in iiatiinil waters, 3lK) 

Iodine in wat(‘r to pr(»vent goiter, 407 
Iodine test for activated earlK)n, 553 
Iodoform tastes, 530, 531 
Iron, allowed in jxitable water, 404 
bact(*ria, in corn)sion, 393 
in ^^ater, 393, 394 
for chemical storage, 440, 450 
(‘ffect on water quality, 389 
inalleahlc, 278, 279 
inat(‘rial in waterworks, 278, 279 
pipos {xrc Cast-in)n pipe) 
removal from water, 502, 544-546, 549 
by aeration, 545, 550, 551 
hreak-jHunt chlorination, 546 
by chlorine, 394, 524 
in softening, 504 
methods, 544, 545 
potassium [)ermanganat(*, 545, 546 
j)ur|H>se, 544 
in soft(*nii g, 504 
in taste* and odor control, 549 
with zeolite*, 545 
se‘rvie*e pipe's, 293, 294 
taste'.s, 414, 549 
in wate*r, 389, 390, 393, 415 
elise*ase* fre)m, 408 

Iniii-and-lime* e*e)agnlaf ie)n, e*e)Ht, 449 
Ire)n oxide, e*ffect on alkalinity, 387 
in \\ate*r, 385 

Ire)nwoe)el, Mich., s(*ttling basin, 134 
Ise>hyc*tal line*s on map of Cnite*d State's, 
114 

J 

Jae*kson, L. A., on financing e*xte*iiHie>ns, 
18 

Jae*e>hson, E. K,, on thawing freizen 
hyelrants, 383 
Jars, we41 teiols, 92 
Jarvis, C. S., e>n fle>e)d flows, 131 
Jaundice, infeM'tiems, wate*r-he)rne*, 393 
Jenks, H. N., on filte*r unelerelrains, 479, 
480 

Jessup, A. IT., on sand n'lnoval from 
wells, 111 
J(*t condenseir, 207 
Jet pumps, 260, 261 
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Jet pumps, for wells, 244-246 
Jetting, well drilling, 86, 89, 93 
Jewell, I. H., on filter subsurface drains, 
482 

Johnson, D. W., on administrative con¬ 
trol of w’^ater, 9 

.Johnson, Cl. A., on costs of filtration, 462 
Joint materials, for pip<‘s, 264, 276 
asbestos, 264, 276 
Joints, bell-and-spigot, 272-274 
calking, 275, 277 
cast-iron pip«*, 272-277 
deflection in, 368 
flexible, 276 
mechanical, 274, 275 
pf)ured, 276 
cen»ent, 264, 276, 277 
deflection of sulphur, 368 
Dresser, 275, 280 
elastic, 276 
expansion, 276 
flanged, 274 
flexibU*, 275 

hemp in joints, 272, 276 
jute m joints, 276 
lead, 264, 276 
leakage, 277, 368 
mechanical, 273, 274 
pf)ured, 264, 275-277 
rubber, 273, 274, 276 
steel pil)e, 275, 280 
sulphur, 264, 276, 277, 368 
testing, 368 

threaded, for east-iron pip<', 274 
steel and wrought in)n, 274 
univTrsal, 274 
victaulie, 275, 280 
Jumper, meter, 377 
Justin, J. 1) , on dams, 133 
Jute, disinfection of, 369 
for poured joints, 276 

K 

Kelly in w'ell construction, 94 
Kemler, Emory, on flow* in pip«\s, 38 
Kenilw'orth, III., subsurface drains, 482 
Kenzelite, zeolite for removal of dis¬ 
solved metal, 548 
Kinematic viscosity cf water, 38 


Kingsbury, F. H., pipe capacities, 365 
Kirkwood, J. B., European visit, 5 
Kitchen, water demand, 50 
Klerol, disinfecting agent, 369 
Koch, bacterial discoveries, 5 
Kozeny, J., on hydraulics of wells, 77, 78 
Kuhr, C. A. H. von W., on manganese 
in w'ater, 546 

Kuichling, E., on fire-stream flo\v, 54, 364 
Kutter formula, 32, 33, 35, 37 

I. 

Laboratory, chemical, 470 
Lacquer, pipe coating, 322, 323 
Ladders, el(‘vated tanks, 349 
Tiake, biological definition, 396 
Lake Moeris, ancient, 1 
Lakes, currents in, 398 

food supply for microorganisms, 398, 
399 

light on, etTect on quality, 397, 398 
stratifi(‘ation and circulation, 397 
turnover, 397, 398 
on w\atersh(‘ds, 402 

Langedu'r, W. E., on carbonate balance, 
558, 559 

Lansford, W. M., elbow meter, 29 
Tjarvae, control in water, 543 
Laundry, water demand, 50, 53 
water softening for, ,501 
Laux “flash” test for chlorine, 530 
Lawrence, Mass., Kxp(*riment Station, 5 
Layne well screen, 100 
Lc'ad, alloys, 294 

cause of dis(»as(‘, 407, 408 
corrosion, 294 
creep, 294 
goos(*neck, 292 
intererystalline cracking, 294 
joints in pipes, 264, 272, 276 
flexible, 368 

material in waterworks, 263 
paint, corrosion prevention, 323 
danger to health, 408 
pipe-joint material, 264, 272, 276, 368 
pipes, 2, 4, 293, 2t)4, 322 
acid resistant, 322 
for conveying chemicals, 440, 451 
early, 3, 4 
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Lead, plating, 324 
poisoning, 407, 408 
protective coating formation, 560 
removal from water, 548 
service pipes, 293, 294 
solubility in w^ator, 407 
substitutes, 264 
use in Roman times, 2 
in water, 390, 407, 408 
wool, for pipe joints, 276, 277 
Leadite for poured joints, 276, 277 
I^eaf gates for dam outlet eontixd, 152 
Ix»akage, permissible, 379 
from pipe joints, 277, 368 
surveys, 376 

Leaks, locating, 376, 377, 379 
Ix^gal rights and liabilities, 89 
l^eipold, Carl, on coagulation with clay, 
448 

Le()iK)ld, F. B., on underdrains for filter, 
482 

Leptoihrix^ 393 

Ix'sse River. Belgium, lost, 69 
Lew'is, L. L., on water demand, 62 
Lexington, Ky., flocculating paddles, 458 
Tiife, organic, in w'at(*r, 392- 396 
factors affecting, 397 
Light, effect on life in w'ater, 397, 398 
Lightning, j)rotection against, 223, 224 
IJgnum vitae bearings, 234 
Lime, application, 452, 508 
carbon dioxide removal, 448 
coagulant, 440, 441, 444, 449, 455 
coagulation with, 440, 445, 448, 449 
cost, 449 

deaeration with, 552 
disinfectant, 523 
dry feed, 452 

excess, treatment, 511, 539 
ferrous sulphatt*, coagulant, 440, 441, 
444, 445 

in gas removal, 550 
handling, 449 

hydrated, f(‘eding, 452, 508 
in manganese removal, 547 
milk of, 508 
in pH adjustment, 560 
in silica removal, 547 
slaking, 450, 508 


Lime, softening vs. zeolite softening, 521 
in taste and odor removal, 549 
treatment of water, 448 
in water softening (see Water, soften¬ 
ing) 

weight, 440 

Lime-soda ash carbonate balance* contnd, 
505 

Lime-soda softening pmc'ess (sa WattT, 
softening) 

Limestone, effect on water quality, 387 
soluble in water, 387 
water content, 387 
Limnology, 396 

Lindsay, F. K., on fluoride n‘m(»val, 548 
Linings, bituminous, 263 
cemynt, 325-327 
earth res(»rvoirs, 333, 334 
for pipe, 263 

to pre^/ent corrosion, 322, 325 
Little Falls, N J., rapid sand filter plant, 
482 

Living standards, water (hunand, 58, 60 
Ix)ck-joint p’p(', 287, 288 
liOg of well, 97, 400 
liOgistic grid, population growth, 50 
1/Ogways around dams, 155 
I^mdon, early (*ast-iron pipe, 3 
early filt(*r, 5 
early pumping station, 4 
early water supjdy, 3-5 
Ix)ng Island, ]S\ Y., w'(*ll construction 
control, 86 

lios Angeles, ('alif., circular r(‘S(*rvoir, 337 
j)opulation growdh, 51 
Tioss-of-head gages, raj)id sand filter, 494, 
495 

liouisville,. Ky., rapid sand filter, 5 

M 

M-scojm*, l(*ak detector, 379 
McLaughlin, ]\ L., on carbonate balance, 
559, 560 

Macroscopic organisms, definition, 392 
life in water, 392, 394, 395, 542 
MeWane pipe, 264 
Madison, Wis., water demand, 61 
Magnesium bicarbonate in water, 388 
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Magnesium hydroxide in silica removal, 
647 

Magnesium, lime precipitation, 511 
Magnesium limit in potable water, 404 
Magnesium, metal, dechlorination, 532 
Magnesium oxide in silica removal, 547 
Magnesium salts in ^\ater, 388 
Magnetic couplings, 237 
Magnetic well logging, 97 
Magnetite sand filters, 555 
Maintenance* of distribution systems («cc 
Distribution systems) 

Malleable iron, 278, 279 
Management and the engineer, 12, 13 
Manganese, amount in water, 38f), 390, 
415 

r(‘moval from sand, 500 
removal from water, 502, 544-^47 
aeration, 550, 551 
break-point chk)rination, 546 
carbon dioxide, effect, 500 
chlorine, 394, 524, 547 
coagulation, 446 
coagulation in softening, 504 
methods, 546, 547 
purpose, 546 

taste and odor control, 549 
water softening, 504 
zeolite, 545, 546 

Manning formula, 32, 33, 35, 37 
Manual of Safe Practice in Water Dis¬ 
tribution, 327, 367 
Manual, Wat(*r Works, 379 
Maps, distribution system, 353, 370, 372, 
373 

Marlborough, Mass., water d(*mand, 61 
Maroondah Keservoir, outlet tower, 157 
Marsh gas, odors and tastes, 414 
(See also Methane) 

Marston, Anson, coefficients, 17tt 
on loads on pipes, 180 
Mason, M. M., on salt-velocity measure¬ 
ment, 30 

Masonry dams (see Dams, masonry) 
Masonry linings for r<‘s(‘rvoirs, 333 
Masonry n*servoirs, 334-339 
floors, 338 
roofs, 336~33t) 
walls, 332, 334 338 
Mass diagrams, 128, 129, 185, 186 


Massachusetts State Board of Health, 
water purification development, 5 
Maury, D. H., on cost of pipe, 171 
Maxochlor, water pipe disinfectant, 3Q9 
Mechanical joint harness, 280 
Mechanical straining in filtration, 460 
Mechanical well-logging, 97, 98 
Medicinal tastes in water, 414 
Meinzer, O, K., on springs, 68 
Melbourne, Australia, outlet tower, 157 
Mendelsohn, I. W., on algieides, 53t) 
Mercurial compounds, algieides, 539 
Meriden, Conn., rapid sand filtration, 471 
Merriton water demand, 52 
Metalium for pipe joints, 276, 277 
Metallic corrosion (sec Corrosion, 
metallic) 

Metallic pickling, 324 
Metallic plating, 324 
Metallizing, 322, 325 
Metals, dissolv(*d, n'Tiioval from water, 
544 

electrode potential, 316 
oligodynamic action, 538, 539 
physiological effect in \\at(‘r, 407—109 
removal from \vat(‘r, 548 
MetcH)roIogical waters, 112, 385 
Meter, ^'dripping,'’ 377 
jump(*r, 377 
Metering, jwlicy, 63 
Meters, 311-314 
accuracy, 314 
capacities, 313 
characteristics, 313 
current, 311-314 
comi>ound, 314 
damage, 312 
disc, 311, 312 
displacement, 311 -314 
effect on use of wjiter, 62, 63 
failure to record, 377 
freezing, 312 
head loss through, 313 
installation, 292 
maintenance, 370 
nutating disc, 311, 312 
policy of use, 63 
reciprocating, 311 
rotary, 311 
sizes, 312, 314 
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Meters, specifications. 263, 313 
types, 311 
velocity, 28, 29, 311 
venturi, 28, 29, 312, 314 
Methane, in natural water, 391, 399, 414 
McthonioKlobinemia, 407 
MetrojK)litan Water Board, phenol tc-stes, 
531 

Mexican aqueduct, ancient, 3 
Meyer, A. K., on evajx)ration, 121, 122, 
124 

formula, 131 

Michigan, I’niversity of, water quality 
standards, 403 

Mick, K. L., acid cWnser, 374 
Micron, definition, 392 
Microorganisms, control of, 534, 539 
counting, 394 
definition, 392 
distrilnition, 394 
food supply, 398, 399 
illustrations, 392 
remo\ al by aeration, 551 
size, 394 

tast(‘s and odors cauH(*d by, 395, 414, 
551 

in watei, 392, 395 

Microscopical analysis of water, 411, 424 
Microspora desulfuncans, in corrosion, 
318 

Middle Ages, water supplies, 3 
Middk'ton, Mass., demand for water, 57 
Midges, control of, 542, 543 
Milk production, use of water in, 53 
Milwaukee, Wis., Biverside Pumj)ing 
Station, 192 

Minchar, activated carbon, 552 
Mineral analysis of water, 411, 424, 425 
hypothetical combinations, 425 
Mineral matter in water, 390, 399 
Mineral salts in water, physiological 
effect, 408 

Minerals in water, 390 
Minor losses of head, 39, 40 
Missouri River, movable intakes, 158, 
159 

Mixed-flow pumps, de(‘p-w’ell, 247 
Mixing of chemi(‘als, 452, 453 
with air, 457, 458 
Mixing basins, 455, 456 


Molal solution, definition, 418 
Molitor’s formula, wave prt^asurt', 146 
Monel metal, waterworks material, 102 
Money, methods of raising, 15 
Monochloramine, 525 
Monolithic concrete pipe, 286 
Montana, control of well construction, 
86 

Monthly Weather Review^ 113 
Mtxire, K. W., on cornision control, 562 
Moorestown, N. J., underdrains, 437 
Moorish aqueduct, 3 
Mostpiitoes, bre(*ding places, 406 
Most pnibable number, E. coli 423, 424 
Motors, electric (sfc Klectric- motors) 
Mottled enam(4 of teeth, 391, 407, 408 
Mu or siz(‘, 392 

Mud balls in rapid sand lilttTs, 496, 497 
Mud valv(‘, 307, 308 
Multiple-]K)rt l alves, 307 
Munich, water diunand 59 
Muskat, M., on interference betw<‘en 
wells, 81 

on underground flow% 78 

N 

71, in Kutter and Manning formulas, 33 
Nahrawan Canal, early waiter supply, 1 
Xaptha tastes, removal, 549 
Nascent oxvgiuj, in chlorination, 524 
in ozonization, 536 

Nasmith, CJ. (1., floe measun*ment, 454 
National Board of I’in* rnderwTiters, 
electlical standards, 233 
fire d(*mand standards, 54 , 365 
fire hose thnaid, 311 
fire hydrant capacity, 311 
fire hydrant location, 363 
fire jiressurc's, 305 
fire stream flow formula, 364 
fire stream sizes, 54, 365 
insurance rates, 7 
pipe sizes, 354 

ratings of waterworks, 7, 365 
regulation of waterw^orks, 8 
steam fire pumps, 212 
National Electric (\)de, 226 
National Industrial Recovery Act, 17 
National Resources Committee, 117 
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Navigable streams, 132 
Needle ice, 163 
Needle valves, 307 
for reservoir outlet, 154, 155 
Negative head, in rapid sand filter, 484 
in slow sand filter, 465 
Nerva, Homan einp{»ror, 2 
New England, floods of 1937, 131 
staters, lK)nd security, 17 
Water Works Association, cast-iron 
pipe fittings, 270 
meter specifications, 313 
New Haven, ( onn., demand for water, (K) 
New Jers<‘y, natural zeolit(*s, 513 
New Mexico, prehistoric water supply, 

1,3 

New River Decision, dam construction, 
132 

New York, control of \v(‘ll construction, 
86 

jxipulation growth, 51 
utility bond exemption, 17 
Newton, Mass., centrifugal pumps, 192 
demand for water, 61 
pumping station, 192 
Nichols, H. S., on chlorim* dioxide, 536 
Nichols, W. U,, on water purification, 5 
Nickel, material for water^\orks, 264 
plating, 324 

Nile Valley, water supply, ancient, 1 
Nipples, wrought iron, 27K 
Nitrates, cause of dis(*asc, 407 
organic food, 399 
re<luction in corrosion, 319 
salinity, 389 

significance in water, 417 
Nitrites, in vater analysis, 415, 417 
Nitrogen, bacterial food, 399 
dissolv(*d in water, 387 
in water analysis, U5-417 
Nitroglycerine, use in wells, 108 
Nozzl(*s, discharge from, 2*4, 25 
fire hose, 552 

Nuchar, activated carl>on, 552 
Nutating disc meter, 311, 312 

O 

Odor, cold vs. hot, 414 
dettTininations, 414, 553 


Odor, microscopical organisms, 395, 396 
quality measurement, 414, 415 
threshold test, 414, 553 
in water analysis, 412, 414, 415 
{See also Tastes and odors) 

Ogden, Utah, growth, 51 
Ohio River, intake towers, 157 
Ohio Valley floods, 131 
Oil, engines for pumping, 256-258 
filters, 208 
fuel, 258 

Oily tasb's and odors in w^ater, 414 
Oligodynamic action of metals, 538 
Olson, H. M., on w'ater softening, 504, 
512 

Open-channel flow, definition, 40 
Operating tables, rapid sand filters, 493, 
494 

Optical well logging, 97, 98 
Orang(‘-peel buck(*ts in w^ell construction, 
87 

Ordinary w^cdl (scf Oravity well) 

Organic life in watiT. 392 396, 399, 400 
Organic matt(*r, oxidation, 417 
Organisms, microscoiiic {hvi Microorgan¬ 
isms) 

Orifice, discharge coefficiiuits, 24 
discharge under falling h(‘ad, 25 
' flow through, 24, 25 
Orthotohdine t(‘st for chloriiH*, 529, 530 
in chloramination, 534 
Oscillating meters, 311 
Oscillatoria in corrosion, 318 
O’Sliaughnessy Dam, 149 
Otto engines, 256-258 
Otumba, Mexico, 3 

Ousruta Sanghita, w\ater purification 
n‘cord, 4 

Outlet, gates, 150-155 

works on dams, 147, 150-155 
Overflow spillways, 147 
Overloads on pumps, 205, 206 
Overvoltage in corrosion, 316 
Ownership, of water sources, 9 
of w'aterw’orks, 13 
Owyhee Dam, shaft spillway, 150 
Oxidation, direct, in corrosion, 317 
Oxygen, classification of tests, 415, 416 
consumed, in w'ater analysis, 415, 416 
dissolved (.see Dissolved oxygen) 
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Oxygen, nascent, 524, 536 
odors and tastes, 551 
solubility in water, 416 
in watei analysis, 416 
Ozone, 536, 537, 54t», 550 

P 

Paints, corrosion prevention, 322-324 
effect on health, 408 
metallic, protection, 323, 324 
salt resistant, 520 
steel tanks, 344, 345 
water quality effect, 408 
zinc, 323 

Palladium, activaU>r, 538 
I^allo, P. 10., on corrosion control, 558 
I'alsgrove, (». K., pipe network analysis, 
355 

Paradox gate, 154 
Paris, France, a(iueduc1, 3 
early water siqiply, 3 
Parks at waterworks, 12 
Parsliall flume, 20, 30 
Pathogenic bacteria, death in wjiter, 401 
w ater-borne, 302, 303, 407 
Pearl, Raymond, on population growth, 
40 

i^Tchloron, cleaning filters, 408 
disinfectant, 526 
water-main disinfectant, 360 
Perforated-pipe underdrains, 470 
Period of retention, defined, 431 
J’ermanent hardn(*ss, 388 
Permeability, defined, 65 
JVrinutit, drj^-chernical h*ed(‘r, 453 
Perrnutit-Spaulding precijiitator, 450 
Permiitit zeolite, 513 
Personnel, protection, el<*ctrical, 223 
w'aterw'orks, 10 
Perviousness, definition, 65 
pH, and acidity, relation, 418, 420, 421 
analyzer, 451 

chemical adjustment, 560-562 
computations, 410, 420 
control in corrosion prevention, 561, 
562 

effect on coagulation, 421 
practical applications, 421 
of water, 302 

pH, in water analysis, 415, 417-419 


Phases of electrical currents, 216 
Phenol, absorption test, 552, 553 
taste, 414 

and chloramine, 534 
with chlorine, 530, 531 
removal, 550 
water, 414, 583 

Philadelphia, l^a., early cast-iron pi|H' 
and pumps, 4 
PhosgeiU‘, 527 
Phosphates, alkalinity, 388 
in natural waters, 300 
Phosphoric a(‘id, 552 
Physical analysis of wafer, 411--414 
Phy>«ical charact<*ristics of watc*r, 412 
Physical quality of walcT, standard, 404 
Pickling 111(4als, 324 
Pi(Ts for st(M‘l pip(‘s, 170. 171 
J^iezonietric coiit/>urs, 353, 361 
Pip(‘-and-strain('r underdrains, 47f)-481 
Pip(»s, asb(‘stos-<‘emcnt, 289, 291, 292 
bends, stress(‘s, 177, 178 
brass, 293, 294 
bronze, 451 

buried (m Ihiried pip(»s) 
cast-iron (.sn; ('ast-iron pipe) 
chemical solutions, 451 
cleaning, 369 
coatings, 263, 322 
spc'cifications, 263 
concrete* (see (bn(*r(’te pipe) 
diamet(*r, gravity flow', 173 
disinfection, 368, 369 
economical diani('t(*r, 171 173 
economical v(*locity, 172, 173 
ehistic joints, 276 
ecpiivalent, 41-13 
Kverdiir, 322 
external loads, 177, 179 
fittings, 270-278, 2\)7 
flexural stresses, 178 
flow in, 31-43 
formulas, 32 

nomograph, 36, and also inside hack 
cover 

Reynolds number, 34, 38, 39 
foundation r(*actions, 177 
freezing, 380, 381 
high-silica, ijo resist acid, 322 
insulation against freezing, 380, 381 
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Pipes, internal bursting pressure, 177 
iron {see Cast-iron pipe) 
joints, leakage test, 368 
(See also Joints) 
laying, specifications, 367, 368 
lead («ee I^ad, pipes) 
lines, 165, 168-171 
appurtenances, 170 
in aqueducts, 168 
cross sections, 170 
expansion joints in, 170 
location, 168 
materials for, 168 
profile, 166 
siphons, 168 
linings, 322, 326 
loads on buried, 177, 179 
locating buried, 369, 377 
lock-joint, 287, 288 
Me Wane, 264 
mat<‘rials for, 263 
outlet, protection, 333 
permissible l(‘akage, 379 
plastic, 294, 295 
pressure tests for, 379, 380 
raising or lowering, 368 
reinforced concrete («cc (V)ncrcte pipe, 
reinforced) 

relative hydraidic resistance, 356 
scraper, 374 

service (see Service pip(*s) 

sizes in distribution systcuns, 353, 354 

specifications, 263 

steel («cc Ste<*l, pipe) 

stresses, 177-183 

temperature stresses, 177 

thawing frozen, 369 

threads, 274, 275 

transite, 291 

wood («cc Wood, pipe) 

wrought, 277-279 

(See also Water, mains) 

Piping, in dams, 133, 155 
in pumping stations, 197, 198 
Pistons for reciprocating pumps, 208, 209 
Pitcher pumps, 242 
Pitometer surveys, 376 
Pitot tubes, 29 

Pittsburgh, Pa., Ross Pumping Station, 
193 


Plain sedimentation (see Sedimentation, 
plain) 

Plankton, 396 

Plastic service pipes, 294, 295 
Plastics in waterworks, 294, 295, 322 
Plastifiex, pipe material, 295 
Plastitube, pipe material, 294, 295 
Plating, metallic, 324 
Playgrounds at waterworks, 12 
Plumbing, cross connections, 401, 409, 
410 

Plungers for reciprocating pumps, 202, 
208, 209 

Pneumatically controlled valves, 309 
Pole tool, well construction, 90 
Poliomyelitis, water-borne, 393 
Pdllution, underground travel, 400 
Pomona de(‘p-well pump, 245 
Pond, biological definition, 396 
on watersheds, 402 
Population, factors affecting, 48 
^ gn)wth characteristics, 49, 50 
prediction, 47-49 
and water demand, 46, 47, 58 
Porosity, definition, 65 
w^ater-bearing materials, 65 
Posey, (\ J., on routing of floods, 190 
Postchlorination in rapid sand filtration, 

» 501, 502 

Potabh' w'ater, definition, 384 
Potassium permanganate, chlorine tastes, 
531, 532 

in iron removal, 545 
in manganese removal, 545 
in oxygc'ii consumed tests, 416 
in tast(‘ and odor nunoval, 549 
zeolite regeneration, 545 
Poughkeepsie, N. Y., early water filters, 5 
Poure<l joints for pipes, 264, 275, 276 
Power factor, in electric current, 215, 217, 
219 

synchronous motor, 219 
4\?wer heads, w’ell pumps, 244 
Powder pumps, 259, 260 
Power selection, 195, 196 
Precast concrete pipe, 286, 288 
Prechlorination, 531, 549 
Precipitation (see Rainfall) 

Precipitator, Permutit-Spaulding, 459 
Pressure, center of, hydraulics, 23 
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Pressure, contours, location, 353, 361 
effect on rate of water demand, 60 
filter, 502, 503 
fire, 362, 364 

intensity of hydraulic, 21, 22 
reducing valve, 304 
regulating valve, 304, 305 
relief valves, 304, 305 
tests, distribution systems, 379, 380 
total, hydraulic, 22 
wells, defined, 71 
flow into, 80 
rate of recovery, 80, 81 
IVestressed reinforced concrete reservoir 
wall, 342 

Priming of pumps, 198, 237-240 
Prismoidal formula for reservoir capacity, 
187 

Problems, 566- 593 
Propell(*r pumps, deep-well, 247 
Protozoa, effect of light, 397, 398 
Providence, K. I., manganese removal, 
547 

Public h(*alth and wat(*r (piality, 406 
Public relations, 12 
Public Works Administration, 17 
Puddle, biological definition, 396 
con‘s, 139 

for earth dams, 138, 184 
on watersheds, 402 
Pu(*ch-C^}iabal filt(*rs, 555 
Pumping, cost, 199, 200 
engines, early, 4 
higl i-service, 196 

internal-combustion, 195, 256-258 
low-service, 11)6 
steam, 196, 197, 201, 202 
triplf-exj)anhion, 202, 203 
water end, 202 
equipment, capacity, 196 
int(*rmittent, effect on water demand, 
61 

machinery, early, 4 
steam, 192-212 
power selection for, 195, 196 
reciprocating, 201-212 
stations, 191-200 

architecture, 191, 195 
automatic, 199, 225, 226, 240 
auxiliary, 199 


Pumping, stations, buildings, 191-194 
capacities of pumps, 196 
costs, 199, 200 
electric, 195, 196 
equipment, 193 
equipment capacity, 196 
fire pn)tection, 194 
heating, 193 

interior arrangements, 192-194 
location, 191, 194, 195 
operating scliednies, 199 
piping, 197, 198 
power used, 195, 196, 199 
rec</rding instriiinents, 201 
remote control, 199, 225, 226, 240 
Riverside, Mih\auk(‘c, Wis., 192 
Ross, Pittsburgh, Pn., 193 
steam, 199, 201 
Thomas Jefferson, 191 
Towsor, Baltimore, Md., 225 
V(‘ntilation, 193 

W(‘steni Vvf‘., Chieago, Ill., 194 
tests for 106 

water, cost, 190, 200 
Pumps, air chamViers, 211 
air displac(*ment, 262 
air-lift, 251-255 
angl(‘-fi()w, 247 
axial-flow, 248 
bucket, 196 

capacities re(piin*d, 196 
renter-packed jilunger, 209 
centrifugal (ste C'entrifugal pumps) 
circulating, for st<‘am, 208 
classification, 196 
crank-and-flywdiecl, 197 
iliapliragm, 262 
differential jihmger, 260 
for w(‘IIs, 213, 244 
displaecuiKUit, 196 
duty of, 204 
efficiency, 204 
electric, 195-197 
fire, steam, 212 
force, 212 

hand-operated, well, 242 
helical flow, 248, 262 
high-duty, 204 
high-Hcrvicc, defined, 196 
Humphrey, 262 
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Pumps, hydraulically operated, 262 
impulse, 196 
jet, 260, 261 
for wells, 244-246 
leathers, disinfection, 369 
low-service, defined, 196 
mixed-flow, 247 
overload, 205, 206 
packing for, 208 
piston, 208, 209 
pitcher, 242 
plung(*r, 202, 208, 209 
pow(*r, 259, 260 
priming, 198, 237-240 
propelh'r, 262 

purchase, specifications, 197 
reciprocating, setting, 211, 212 
types, 260 
rotary, 261 
scrt'w, 247 
selection, 197 

single-acting piston, 242, 260 
slippage, 209 
speed, 209 

steam (see Steam, pumps) 
stroke*, 209 
suction lift, 198, 199 
triplex power, 259, 260 
turbine, 227, 233, 248-251 
i\ 260 

uii(l(*rloading, 205, 206 
vacuum, 262 
valve cages, 210 
valves, 210 
volute, 227 
water power, 196, 258 
water rate, 204 
w(‘ll (.see W“lls, pumps) 
wind power, 19(), 258 
Pyridine, acid inhibitor, 371 
Pyrolusite, manganese removal, 547 

Q 

Quabbin aqueduct, 165 
Quality of w'ater (see Water, quality) 
Quick-opening valve, 298, 300 
Quicklime, application of, 508 
disinfection with, 525, 526 
slaking, 508 


Quicklime, in water softening, 507, 508 
Quinoline, acid inhibitor, 374 

R 

Radial-cone bottom tank, 346-348 
Radial gates, 151 
Radial well, 87, 89 
Radioactive well logging, 97, 98 
Rainfall, 112-131 
amount, 113, 114 
annual, data, 113, 116 
Bernard formula, 118 
coefficients, 119 
conditions affecting, 113 
disposal, 112, 119, 120 
distribution, 116, 117 
formulas, 118 

frequency of intense, 116, 117 
intensity, 116, 118 
long-time records, 115 
m(‘an annual, significance, 113 
measurement, 113 
observations, incomplete, 119 
rate on drainage area, 118 
records, 113, 119 
long-time, 115 
runoff relations, 126-128 
* seasonal distribution, 115, 117 
str(‘ani flow, effect, 120 
Ram, hydraulic, 258 
RaniH‘y well, 87, 89 
Rapid sand filters, 461 

activated carbon eff(*ct, 553 
air binding, 478 

air distribution in washing, 472, 482, 
483 

anthracite* tilt(*ring material, 476 

“blow,’’ 478 

buildings, 469 

bumping, 500, 554 

capacity of units, 468, 469, 472, 474 

characteristics, 461, 462 

chemical house, Defiance, Ohio, 472 

chemical storage house, 472 

chlorination, 501, 502, 531, 549 

cleaning, 498, 499 

chemicals used, 498, 499 
mechanical methods, 499 
dear-water storage, 495, 496 
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liapid sand filters, clogging, 497, 498 
cost, 462 

cracking, 497, 498 

depth of filter box, 472, 483, 484 

design, 466, 468 

dimensions, 472, 474 

early, 5, 6 

Evai'ston, Ill., 473, 481 
filter gravel, 478, 479 
filtering niat(*rial, 472, 475-479 
quality, 476 
size, 477 

thickness, 477, 479 
first, Little Falls, X.J., 5 
Somervilh*. X.J., 5, 402 
flowing-through diagrani, 406 
freeboard, 483 

gravel, displacement, 590, 501 
quality and size, 47S, 479 
thickness, 479 
growth of sand, 500 
head loss in operation, 484, 485 
heating, 471 
Hyatt pat (‘lit, 5 
laboratory, 470 

length and width of units, 472, 174 
lighting, 471 

load, jH'rniissible, 501, 502 
loss of head, 484, 485 
gages, 4tH, 495 
loss of sand, 500 
maintaining runs, 499, 500 
mud balls, 490, 497 
South Pittsburgh, Pa., 497 
negative head, 484 
operation, 490 501 
Richmond, Va., 490 
operating tabl(\s, 493, 494 
Washington, 1).(\, 494 
organisms, control, 534 
parts, 405, 406, 472 
perforated-pipe uiulerdrains, 479 
perspective vii’w, 473 
plans and specifications, 468 
plant, an'hitecture, 469, 470 
plants, buildings, 469-472 
capacities, 408, 469 
Denver, Colo., 467, 468 
design, 466, 468 
filter house, 470 


Rapid sand filters, plants, Fort Wayne, 
Ind., 469 

Hammond, Ind., 470 
Meriden, Conn., 471 
operation, 496-501 
parts, 4’’0 

pipe gallcTv, 471, 487-489 
at Kvanston, Ill., 473 
at Meriden, Conn., 171, 488 
sight well, 472 
rate, 473, 474 
control 485-487 
results, ,501 

ridg(*-and-valley underdniins, 481 
rims, 473, 499, 500 
sampling device's, 495 
sand, ex])ansion, 491 
gradation, 477 
growth, 500 
layer 477 
loss of, 5(X) 
shrinkage, 497, 498 
size, 477 
thiekness, 477 
schmutzdc'cke, 466, 500 
vs. slow sand filters, 461 
Somerville, N.J., 402 
strainer lu'ads, 481 
surface wash, 490, 491 
taste and odor riunoval, 550 
nnd(*rdrainag(*. syst(*ms, 472, 479 482 
wash air, 475, 493 
wash water, amount, 492, 493 
eepiiiinKMit, (‘a])neity, 492, 493 
guttcTs, 472, 474, 475 
pipe, size, 488 
])n‘ssur(‘, 492 
surfa(*(' wash, 490, 491 
washing, 475, 489 493 
amount of, 491, 492 
water-level control, 485 
Rate control, 485-487 
automatic, 480 
manual, 185, 486 
Simplex, 486 

Rates, charges for water, R), 20 
Rational method, runoff determinations, 
126, 127 

Reearboiiation, to prevemf sand growth 
500 
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Recarbonation, after softening, 509, 510 
lieciprocating pumps, 201-212 
Reconstruction Finance Corporation, 17 
Recovery-drawdown curve, wells, 78, 79 
Red water, causes, 389 
Regenerative cycle, feed-water heater, 
201 

Reinforeed-concrete pipe {sec Concrete 
pipe, reinforced) 

Relative resistance, hydraulic, of pipes, 
356 

Relays, electric, 225 
lieliability of waterworks, 6, 7 
Relief valves, prevention of water ham¬ 
mer, 181 

Rensselaer Polytechnic Institute flow in 
pip«*s, 355 

Report, waterworks, 563“5()r) 

R<*ports hy engineer, 12, 563-565 
Reservoir, outlet tower, Maroondah, 157 
Reservoirs, ar<*a-capacity curve, 1H8 
circular, nunforccinent, 337, 342 
cleaning and disinfecting, 376, 539 
collecting (.see Impounding rescTvoirs; 
construction to avoid organic growth, 
539 

control of weeds, 539, 542 
covering, 402, 540, 543 
density flows, 189 
depth, 331, 402 
depth-capacity curve, 188 
disinfection, 376 

distribution (see Distributing reser¬ 
voirs) 

earth (see Earth reservoirs) 
effect on public health, 189, 190 
effect on water quality, 401, 402 
el(*vated (.see Elevated tanks) 
equalizing, 328-330 
evaporation from, 121, 123, 127 
floor and wall details, 332- 338 
high-service, 8t. Paul, Minn., 336 
impounding (see Impounding reser¬ 
voirs) 

linings, 333, 334 

masonry (sec Masonry reservoirs) 
operation, 540, 543 
problems, 189, 190 

protection from pollution, 400, 401, 
406, 495 


Reservoirs, purposes, 327 
recreational uses, 401 
roofs, 336-339 
screening, 543 

shape vs. water quality, 402 
silting, 188, 189 
site preparation, 185 
spillways for, 190 
storage capacity, 327 
walls, 332-338, 342 
Resins, pipe coatings, 322, 323 
Resistivity method of prospecting, 85 
Restaurants, water use, 53 
Retaining walls, types, 332 
Retention period in sedimentation, 430, 
431 

Retentivity of rocks, 97 
Revenue bonds, 15-17 
Revolving-cone valves, 301-303 
Reynolds number, 31, 34, 38, 39 
Rheology, 3t)6 
Rhodes flow formula, 32 
Richmond, Va., rapid sand filt(*r optTa- 
tion, 496 

Ridenour, (1. M., on chlorine dioxide', 536 
Ridge-and-valley underdrain, 479 
Rights and powers of waterworks, 8 
Ring-follower gates, 154 
»Riprap, 137 

Riser pipe for elevated tank, 350 
River, disappearing, 68 
Itiverside or shore intake, 160 
Riverside lumping Station, Milwaukee, 
Wis., 192 

Rochester, N.Y., iodine in water, 407 
Rock-fill dams («cc Dams, rock-fill) 
Rocks, water cont(*nt, 65, 66 
Rohwer, ()., evaporation formula, 121 
Rolled-fill dams (wr Dams, rolled-fill) 
Rolling gates for dam outlets, 152, 153 
Roman aqueduct, 1-3 
at Seville, 3 
Roman baths, 3 
Roman w^ater supply, 1, 2 
Roofing in dams, 133, 134 
Roofs, elevated steel tanks, 345, 347, 348 
masonry reservoirs, 336-339 
Rosin, tastes, removal, 549 
Ross Pumping Station, Pittsburgh, Pa., 
193 
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Rotary drilling of wells, 93, 94 
Rotary meters, 311 
Rotary pumps, 261 
Rotifera citrinvSj 392 
Rotifera in water, 400 
Roughing filters, 503 
Roughness, absolute, 35 
Routing of floods, 189, 190 
Roxite pipe, 291 

Rubber, chemical solution storage, 451, 
554 

for pipe joints, 264, 273, 274, 276 
pipes for chemical solutions, 451, 554 
ring for pipe joints, 274 
Rubber-lined pipe, 322 
Runoff, 112-131 
deep be(*pag(‘, 120 
factors affecting, 120 
graphical presentation of data, 128, 120 
rainfall relations, 126-128 
records, 131 
surface' detention, 112 
Rusting of iron, 310 
Ryder, C. K., water laws, 8, 0 
Ryder, C. K., and Ste\<‘iison, W. L., 
w^ater rights, 0 

Ryznar, J. W., stability index, 559 
S 

Sacramento, Calif., rapid sand filter 
iinderdraina, 482 

St Laurent, (1. C , on hotel w^ater use, 52 
St. Ijouis, Mo., Compton Hill basin, 11 
development of water punlication, 5 
St. Paul, Minn., rainfall record, 113, 115 
reservoirs, 336 
slab-and-buttress w^all, 336 
Salem, Mass., fire demand, 54 
Salinity in winter, 387 380 
Salt, in leak location, 377, 379 
measuring velocity of flow , 30 
taste in w’ater, 414 
tracting underground flow% 60 
in zeolite regeneration, 510, 520, 548 
Salt-velocity measuremi'iit of flow', 30 
Sampling, devices, rapid sand filters, 495 
water for analysis, 412 
San Diego, Calif., aqueduct, 166 
San Francisco, Calif., water demand, 59 


Sand bucket, w’cll construction, 87 
Sand, effective size, 74 
expansion in rapid sand filters, 491 
filtering material, 476--478 
filters, types, 461 

{See ahn Rapid sand filt(»rs; Slow 
sand filters) 
filtration, 460-503, 544 
pipe jointing material, 264, 276, 277 
pumping from wells, 107, 111 
spt'cifications for Chicago filt(*rs, 478 
uniformity coefficient, 74 
velocity of flow' through, 73-75 
Sandstone, effi'ct on water quality, 387 
w'ater content, 66 
Sanford Heights reservoir, 106 
Sanitary districts, fiimncii\g, 17, 18 
Sanitary survey, 411, 41z 
Sanitary w'ater analysis, 111 
Santa Monica, Calif., cinmlar reservoir, 
337 

Saran, pipe material, 201, 205 
Scale, boiler, 388, 301 
Scarborough, iMigland, ozonization, 537 
Scdiistosoim* dermatitis, wat(‘r-born<‘, 303 
Schizomyc(‘tes in water, 305, 300, 401 
Schmutzdecke on filtc'rs, 461, 466, 500 
Scobey, F. C., flow formula, 31, 32 
Scoring quality of w^ati'r supplies, 412 
Scott, R. ])., fluoride removal, 548 
Scrajier for w'at(*r mains, 373, 374 
Scre(*ns, in watiT treatment, 405, 544 
for w't'lls («fr Wells, screens) 

Screw" pumps, 262 
deep wells, 242 
Si'aw'ei'd in water, 304 
Sector rolling gat(*H, 152 
S(‘dimentation, algae, removal, 530 
basin. Iron wood, Mich., 434 
basins, baffles, 433 

bottom currents, 131, 435 

capacities and number, 430,^432 

circular, 432 

clarifier, 500 

cleaning, 436, 437 

continuous-flow', 428 

covers, 435 

density currents, 435 

depth, 430, 431 

design, 428-430 
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Sedimentation, basins, draining, 436 
fill-and-draw, 428 
flowing-through period, 431 
inlets and outlets, 430, 433, 434 
length vs width, 430, 433 
mechanical cleaning, 428, 436 
period of retention, 430, 431 
sludge storage, 430, 435, 436 
sluic e gate, 436 
surface area, 433 
surges, 435 
underdrains, 434, 437 
location, 436 

velocity of flow through, 430,432,433 
water softening, 508, 500 
with coagulation (Viagulation) 

conditions afficting, 428, 429 
plain, 428 437 
bacterial n nioval, 429 
folloid removal, 460 
fortes affecting, 429 
process, 428 
rc'sults, 429, 431 
purpose, 405, 544 
theory and practice, 430 
Seismic method of jirospc ctiiig, 85 
Seismic wc'll logging, 97 
Self-purification of streams, 39() 

Septum, Alter, 556, 557 
Seric*s-wound motor (see Llectnt motors) 
Service pipes, cleaning, 375, 376 
connections, 292, 293 
curb stop for, 292 
deflnitioii, 293 

head lossc*s through, 293, 297 
installing, 292 
iron, 293, 294 
Icwl, 293, 294 
materials, 293, 294 
pressure lossc's in, 293, 297 
size's, 293, 294 
thawing fro7c*n, 381, 382 
Service pressures in distribution systems, 
361, 362 

Settlc'able matter removal, 461 
Seville, Homan aqucsluct, 3 
Sewers, c'ffect on watcT demand, 61, 62 
Shaft spillway, 149, 150 
Shale, t'ffect on watcT quality, 387 
water content, 65, 66 


Shallow wells {see Wells, shallow) 
Shandaken Tunnel, section, 169 
Shear gate, 307, 308 
Shapley, J. M., on flood routing, 190 
Sherardizing, 324 

Sherman, L. K., unit hydrograph, 129 
Short tubes, discharge through, 24 
Shunt-wound motor {see Electric motors) 
Shutter screens for wells, 100, 101 
Side-channel spillways, 148 
Side slope's for earth dams, 135-137 
Sight well in rapid sand filters, 472 
Silica, and alkalinity, 387 
in coagulation, 441 
in natural water, 391 
organic* food, 399 
pipe*, acid rc'sistant, 322 
rc'rnoval from watc'r, 547 
Silicate-base paints, 408 
Silicon red brass, 102 
Silting of reservoirs, 188, 189 
Silver, oligodynamic action, 538 
Simplex rate controller, 486 
Simpson, James, first watc'r filter, 5 
Single-ac*ting piston pump, 260 
Singlc'-stroke wc'll pump, 242, 243 
Sintc'rite for pipe joints, 276 
Siphon spillways, 148, 149 
» true, definition, 168 
Siphons, in aqueducts, 165 
in pipe lines, 168 

Slade, J. J., Jr., on sc'dimc'iitation, 430 
Sleet, meteorological watc'r, 112 
Slc'eve valves, 309 

Slichtc'r, intc‘rfc‘rc»nce between wells, 82 
velocity of underground flow*, 70, 73, 75 
well rec'overy rate, 81 
Slide gate, clam outlet c’ontrol, 152, 154 
Slippage', pump, 209 
Slope protection, c'arth dams, 134, 137 
Slow' sand filters, 461 
cleaning, 465 
cost, 462 
details, 464, 465 
early installation, 4-6 
flowing-through diagram, 463 
negative head, 465 
opc'ration, 464, 465 
parts, 462-464 
plan and section, 463 
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Slow sand filters, vs. rapid sand filter, 
461, 462 

rate of filtration, 465 
results, 464 
sand size, 464 

Walton, London, England, 503 
Sludge, disposal, water softening, 510 
recirculation, in water softening, 511 
removal, continuous, 428, 436 
stabilization with activated carbon, 
553 

storage, sedimentation basins, 435, 436 
Sluice gate for sedimentation basin, 136 
Sluice gates, 263, 307, 309 
Slush ice, 162, 163 
Smith, Angus, on pipe coating, 322 
Smith, H. V., on fluoride n‘moval, 548 
Smith, M. C., on fluoride removal, 548 
Smoke, as colloid, 426 
stacks, 201 

Snow, meteorological water source, 112 
Soap, effect of hardness on. 388 
emulsoid, 427 
tastes, removal, 549 
and water softening, 504 
Soda ash, cleaning filters, 499 
coagulation, 440, 442, 443 
cost, 449 

reaction with alum, 442 
and sodium aluniinatc*, 445 
solutions, 410, 450 
in water softening, 507, 508 
(See also Water, softening) 
weight, 449 

{See also Sodium carbonate) 

Soda ash-lime in carbonate balance, 505 
Sodium aluniinatc*, coagulant, 440, 441, 
445, 446, 449 
handling, 449 

Sodium ars(*nite, weed control, 542 
Sodium bicarbonate*, 443 
Sodium carbonate*, coagulation, 440, 442, 
443 

in water, 388 

{See also Soda ash) 

Sodium chloride (see Salt) 

Sodium chlorite, taste removal, 550 
Sodium hexametaphosphate, threshold 
treatment, 557, 558 
{See also Calgon) 


Sodium hydroxide, deaeration, 552 
handling, 449 

Sodium met a phosphate, 522 
Sodium nitrate, 548 
Sodium pyrophosphate, 522 
Sodium salts in natural wate'rs, 386, 387 
Sodium silicate, 440, 441 
Sodium sulphate, 389 
coagulant, 441 

Sodium sulphite in deoxygemation, 552 
Sodium thiosulphate, dechlorination, 532 
Softener, zt*olite, 515, 516 
Softe'iibig of water {see Wnte'r, softening) 
Soil, hydroge*n-ion conce*ntration in e-orre*- 
sion, 318 

Soil Conservation Service, 125 
Sol, 426, 427 

Solids, in natural waters. 401 
in watcT, 415 
Solution-f“e'd de*vices, 451 
Solution jx)t, e*he'mical-fe'e'd, 450 
Solution pre*ssure8, of me*talH, 316 
Solutions, che*micals, pipe's for, 451 
preparation of chemical, 440, 450 
stirring, 450, 451 

Somerville, N.J., alum first use'd, 5 
first rapid sand filte*r, 5, 462 
Sonoscope, le*ak loe'ating, 377, 378 
Soure*e*s of wate*r, prote'ction, 4(K), 401 
rights to, 8-10 

South Afrie*a, water de*mand, 59 
South Anie*rie'a, pre'historic wate*r supply, 
3 

South l*ittsburgh. Pa., mud balls, 497 
Spangle*r, M. (1., on lexids on pipes, 179 
Spanish aquc'diicts, 3 
Spaulding, C. H., pre*cipitator, 459, 509 
thre'shold odor tc'st, 414 
Spe'cial aase*8sme*nt, 15, 16 
Spc'cials, for cast-iron pipe (see ('ast-iron 
pijx*, spc'cials) 

SiK'cific capacity of a wa*ll, 82 
Specific 8pe*ed, ce*ntrifugai pump, 231 
de*ep-w'e*ll turbine pumps, 249-251 
Specifications, standard, for waterworks 
equipment, 263 

Specd-reelucing devie*e*s for e»lectric mo¬ 
tors, 221 

Speed-reducing gears, 236 

Speidem, H. W., on st'dimentation, 430 
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Spellerizing, 322 
Spider, pump valve, 210 
Spider rods for elevated tanks, 348, 349 
Spillways for dams, 140-150 
automatic, 146 
channels, 148 
chute, 148 

crests, control devices, 149-153 
ogee, 34 

discharge coefficients, 27 
drop-inlet, 149, 150 
flash hoards, 150 
functions, 140 
gates to contnd, 150-153 
location, 147 
overflow, 27, 28, 147 
reservoir, 190 
shaft, 149, 150 
side-channel, 148 
siphon, 148, 149 
typ(»8, 147 
iSpiroacter, 511 
Spirophyllurn, 393 
Split treatment, 512, 554 
Sprague, (\ S., on fir(‘ streams, 305 
Springficdd, Mass., water demand, 57, 58 
Springfield, Ohio, population growth, 51 
Springfield, Vt., reservoir roof, 339 
Springs, artesian, formation, 00-68 
occurrence, 07 
classification, 09 
collection of water from, 10 
development, 10 
formations of, 00 09 
fresh-water at s(*a, 08 
occurrence and types, 00-69 
overflow type, 00 
sizes, 08, 69 

Squirrel-cage motor, 217, 218 
Stabilization of und(*rgrouiid foundations, 
105, 106 

Staiidess steel, waterworks material, 102, 
263 

Standards of water quality, 402-404 
Standpipes, 340-343 
concrete, 342, 343 
description, 340 
design, 340, 341 
floor and wall connections, 343 
foundations, 341 


Standpipes, height, 340 
installation, illustrated, 340 
materials, 341-343 
reinforced concrete, 343 
steel, 342 

storage capacity, useful, 340 
Stanford Heights Reservoir, San Fran¬ 
cisco, Calif., 334 
Steam, auxiliaries, 201, 208 
engines, water rates, 204 
high pressure, 205 
piping, 205 

power for pumping, 201-212 
pump, definition, 201 
pumping, machinery, 199-212 
station, equipment, 201 
pumps, 196, 197, 201, 202 
auxiliaries, 201, 208 
classified, 201, 202 
compensators, 207 
direct-acting, 201, 202 
duties, 204 

overload and underload, 205, 20f) 
packing, 208, 209 
selection, 197 
8pe(‘d and stroke, 209 
triple (‘xpansion, 202, 203 
water rat(*8, 203, 200 
* sup<*rheated, 205 
turbines, 202-204, 230 
vacuum pumps, 202 
Steel, alloys, corrosion resistant, 322 
cond)ustibl(‘ in chlorine, 527 
pip(‘, 203, 279 
aqueducts, 108 
buckling, 281 
coatings for, 322 
coppiT coated, 325 
corrosion, 319 
couplings, 275 
design, 280, 281 
dimensions, 279 
expansion joint, 275 
fabrication, 279 
flow in, 32, 35 
joint efficiency, 280, 281 
joints, 275, 280 
life, 279 

8pc»eifications, 263 
threads, 274, 275 
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Steel, pipe, usefulness, 279 
stainless, 263 

Stein, on wash-water gutter, 475 
Sterilization {see Disinfection) 
Stethoscope, leak location, 378 
Stevenson, Thomas, on wave height, 137 
Stevenson, W. L., and Ryder, C. E., 
w^ater rights, 9 
on water laws, 9 
Stock, financing with, 15 
Stoker, mechanical, 208 
Stokes’ law, 590 
Stoney gate, 153 
Stop-and-waste valve, 292 
Storage, calculation for reservoir, 185, 
186 

c'ffect on water quality, 401, 402 
fire protection, 327 
reserve, 327 

reservoirs (srr Reservoirs, storage) 
Strainer heads, underdrains, 481 
Strawboard manufacture, wnt(‘r use, 53 
Stream flow, factors affecting, 120 
Stream pollution, 396 
iStreams, self-purification, 396 
Streeter, H. W., on rapid sand filter load, 
501 

Stripping reservoir sites, 185 
Stroke of a pump, 209 
Stuffing box, centribigal pump, 236 
SubnuTged weirs, 25, 26 
Submergence, air-lift, 252, 253 
Subsurface drains for rapid sand filt(‘rs, 
482 

Succinchloramide, 525 
Suction bell, dimensions, 238 
Suction lift, permissible, pumps, 198, 199 
to avoid cavitation, 239 
Suction lines, layout, 199 
Suction pipes, centrifugal pumps, 238 
Sullivan air-lift booster, 255 
Sulphate-reducing bacteria, 371 
Sulphates, tastes in w^ater, 414 
Sulphonated oil soaps, water softening, 
505 

Sulphur, bacteria, in water, 393, 394 
compounds, joint tightening, 277 
joint materials, 264, 276, 277 
joints in cast-iron pipe, deflection, 368 
and sand, poured joints, 264, 276, 277 
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Sulphur dioxide, cleaning filters, 498, 499 
dechlormation, 531, 532 
taste removal, 531 
Sulphuric acid, cleaning filters, 499 
Superchlorination, 530, 531, 549, 550 
taste and odors, 530, 531 
removal, 549, 550 
Supernickel, 102 
Surface of seepage at a w^ell, 73 
Surface condenser, 202, 207, 208 
Surface ice, 162 

Surface w^ash for rapid sand filters, 4<W), 
491 

Surface waters, dissolved oxygen content, 
386 

quality, 385, 386, 416 
prot(‘ction, 400 
rights to sources, 8, 9 
aanitary quality, 386 
strutifnation and circulation, 397 
Suige contiol, m aqueducts, 170 
m intake conduits, 182, 183 
III pipes, 198 
reli(‘f vah(*s 309 
suppressors, 181, 198 
tank, to i)re\ent water hamnuT, 170 
tower, d(‘8ign, 182, 183 

in intake hm*, 182, 183 ^ 

to prevc'nt water hammer, 181 
Suspi'iisoid, 427 

Susquehanna River, unit hydrograph, 128 
Swamps on watersheds, 402, 413 
Swimmers itch, water-borne, 393 
Swimming pool, (hlorammes, 534 
disinflation, cldorme-ammonia, 531 
ozonization, 537 
Switchboard, eleetiic, 225, 226 
Sylvan dam, Australia, core wall, 139 
Symbols, standard, 371 
Synchronous motor {see Electric motors) 

T 

Tain ter gates, 151 

Tanks, concrete {see Concrete tanks) 
elevated {see PJlevated tanks) 
steel (see Standpipes, steel) 

Tar, coatings for pipes, 322, 323 
lining, acid resistant, 322 
Tarry odors and tastes, 414 
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Tastes and odors, causes in water, 549 
chlorine caused 530, 531 
chlorinous, 530-532 
microscopical organisms, 395, 396 
liermissible limit, 404 
phenols, 414, 583 
removal of, 405, 544, 549-551 
by activated carbon, 552 555 
by a<*ration, 550, 551 
tests for, standard, 414, 552, 553 
in water, 414-415 
{See also Odor) 

Taxation, dir(‘ct, 15 
raising money by, 15 
Taylor, C\ A., on evajx)ration, 125 
Taylor, E. A., on salt-velocity measure¬ 
ment, 30 

Tegul, for pipe joints, 276, 277 
Telltales, wat(*r-lcvel indicators, 350, 351 
Temperature, in water analysis, 412 
wat<‘r ilow, effect on, 37, 38 
of water supplies, 397 
Temporary hardness, 388 
Tenite, plastic pipe material, 294, 295 
Thawing frozen pip(*s, 309, 381, 382 
Thermal well logging, 97, 98 
Thermocline, 397 

Thiessep, A. H., rainfall observations, 118 
Thiobacilli in corrosion, 318 
Thomas Jefferson pumping station, (’hi- 
cago, 111., 191 

Thornthwuite, C. \V., on evaporation, 
122 

Threaded joints for cast-iron pipe, 274 
Threads, tin'-hose, 311 

standard, for pipe, 271, 275 
Three-edged bearing, 200 
Thresh on phenol tastes, 531 
Threshold odor test, 414, 552, 553 
Threshold treatment, calgon, 557, 558 
Thrust bearings, centrifugal pumps, 247 
Tigris Valley, t'arly w’at(*r supply, 1 
Tin, in lead pii>e, 284 
lining for pipes, 293, 294 
material in waterworks, 263 
in natural water, 390 
plating, 324 

removal from water, 548 
Tin-lined service pipe, 293 
Toledo, Ohio, water demand, 56, 57 


Toncan iron, 102 
Topography, effect on runoff, 120 
Toroidal-bottom tank, 347 
Toronto, Canada, drifting-sand filter, 555 
Torque of electric motors, 215, 217-219 
Towers for elevated steel tanks, 344, 340, 
351 

Towson Pumping Station, Baltimore, 
Md., 225 

Transformers, electric, 224, 225 
Transite, pipe, 291 
well casing, 99 
well screen, 101 
Transmissibility, definition, 65 
Transpiration, 124 

Trench load and pipe support, 206-268 
Trentlage, L. V., on service pipe cleaning, 
375 

Triple-expansion pump, 202, 203 
Triplex pump, 259 
Tuberculation in corrosion, 319, 375 
Tubes, short, discharge^, 24 
ste<‘l, 279 

Tides, aquatic weeds, control, 542 
Tunnels, in aqueducts, 165, 173, 174 
linings for, 173, 174 
Turbidity, in coagulation, 439 
in natural water, 380, 413, 414 
• permissible limit in water, 404 
reduction of, 429 
removal, 405 

in w'ater analysis, 412, 413 
Turbine, centrifugal pump, 227, 233 
meters, 312 
pumps, 227, 233 
steam, 202-204, 236 
well pumps, 247-251 
Turnover, seasonal, in lakes, 397, 398 
Two-cycle engines, 256 
2,4-1) compound, w'eed control, 542 
Two-stroke well pump, 243, 244 
Tyndall phenomenon, 427 
Typt' of pump impeller, 231 
Typhoid fever, water-borne, 393, 406 

U 

U-pump, 260 

Ultraviolet light, disinfection, 537, 538 
in w'cll logging, 97 
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Underdrainage system in rapid sand fil¬ 
ters, 472, 47^82 

Underground conditions, gravity well, 
71-73 

Underground flow, formulas, 73-79 
traemg, 84 
velocity, 69, 70, 73 

Underground gallery, flow into, 79, 80 
Underground travel of pollution, 400 
Underground water [see Ground water) 
Underload of pumps, 205, 206 
Uniformity coefficient of sand, 74 
Unit hydrograph, 128 
United States, Bureau of Fisheries, fish¬ 
ways, 155 

Bureau of Reclamation, dam outlet, 
154 

dam uplift, 143 
Echo Reservoir, 184 
expansion joint, 170 
Bureau of Standards, corrosion, 324 
Deep Waterways Commission, weir 
teats, 26, 27 

Department of Agriculture*, ^^eatlie^, 
113 

f*arly pumping engines, 4 
Geological Survey, hardness of water, 
388 

Water Supply Paper, climatic 
changes, 116 
flood flows, 131 
growth of population, 49 
Navy, water allowance, 52 
Public Health SeTvice, color standards 
in water, 413 

control of water quality, 404, 405 
copper in water, 541 
iron in water, 514 

(piality of water, standards, 403, 404 
rapid sand filter load limit, 501, 502 
sanitary survey, 412 
turbidity standards, 413 
well construction, 87 
well protection, 87, 104 
Supreme Court, New River Decision, 
132 

Weather Bureau, 113 
Universal pipe joint, 274 
Uplift on dams, 142, 143 


Uranine, leak location, 379 
tracing underground flow, 69 
Utah, control of well construction, 86 

V 

Vacuum breakers, cross connections, 410 
Valleeito Dam, cross section, 135 
Valve, cages on pumps, 210 
chamb(T, un(ferground, 292, 299 
geared, in manhole, 299 
Valves, h(*ad losses through, 297 
locaUon, in distribution sysbun, 362, 
373, 

record, 372, 373 
lost, 370 
in manhole, 299 
operation, 309 
packing, disinfection, 3()9 
I>ow'er for op(*ration, 309 
purpost's, 296 
Vapor pressuri*, 122 
Varnishes for pipe protection, 323, 324 
Vegetation in surface winters, 392, 539 
Velocity, flow of water through sand, 73 
75* 

meters, 28, 29, 311 
salt measurement, 30 
of und(‘rground flow^, 69, 70, 73 
Velocities, in aqueducts, 167, 168, 174 
economical, in pipes 171-173 
lifting, of sand particle's, 101 
in sedimentation basins, 430, 432, 433 
Velz, i \ S., poj)ulation pHsliction, 4t), 50 
Ve'iitilation, chloriiK* room, 527 
Venturi, flumes, 29, 30 
meters, 28, 29 

Vc'rliulst, P. F., population theory, 49 
Vernon, Calif., jxjwc'r station, 258 
Versailles, France*, e*arly cast-irejii pipe*, 
3, 264 

Vibrio comma, 393 
dcHulfncans, in corre>sie)ii, 318 
Victaulic joints, 275, 280 
Viruses, wate'r-boriie*, 407 
Viscosity, effect on life in wat(»r, 398 
kinematic, of wate*r, 38, 398 
Vitr(*ous coatings, 324 
Vitrified clay pipes acid resistant, 322 
for chemical solutions, 450 
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Voltages, electric, used in waterworks, 
214, 215 

Volute pump, 227, 233 
Vortex, forced, 229 

W 

Wachusett reservoir, mass diagram, 129 
problem, 576 ^ 

Wallace and Tiernan chlorinators, 529 
Walls, counterforted, 336 
earth reservoirs, 332, 333 
floor connections, 332, 333 
masonry reservoirs, 332, 334-338 
prostressed, 337, 342 
sections, 332 

Waltham, Mass , water demand, 61 
Walton, England, roughing filters, 503 
Warren, Ohio, filter underdrain, 482 
Wash air, for rapid sand filter, 475, 493 
Wash-water gutters {see Tlapid sand fil¬ 
ters) 

Washington, J).(\, operating table, 494 
Wafer, analysis, 411-427 
bacteriological, 421, 422 
chemical, 415 
color, 412, 413 
industrial, 479, 480 
interpretation, 411 
microscopical, 411, 424 
mineral, 411, 424 
odor, 414, 415 
physical, 411-414 
purposes, 411 

standard methods, 411, 414, 425 
tastes, 414 
temperature, 412 
turbidity, 412, 413, 415 
chlorides m, 389 

closets, cross I'oniH'ctions, 409, 410 

coagulation (see Coagulation) 

collection works, 10 

copper in, 390, 404, 541 

cost of, 62, (>3 

demand for, 46-63 

air-conditioning, 61, 62 
American cities, 59 
bathing, 50 

character of district, 60 
climate, 58 


Water, demand for, conditions affecting, 
57 

cost, effect of, 62 
domestic, 53, 60 

effect of character of district, 60 

effect of location and climate, 58, 59 

effect of meters, 63 

effect of pressure, 60, 61 

effect of quality, 60, 61 

effect of sewers, 62 

European cities, 51, 58 

factors affecting, 57, 58 

fire, 52-54 

hourly rates, 58 

intermittent pumping, 61 

kitchen, 50 

laundry, 53 

living standards, effect, 58 
location of city, 58, 59 
man’s needs, 50 
meters, effect on, 62, 63 
monthly rates, 55 
municipal, 51 

pojnilation (‘ffect, 46, 51, 58 
pressur(‘ (‘ff(‘ct, 60 
quality effect, 60 
rate changes, 54-57 
rates of use, 50-58 
' seasonal, 55 

sewers, (‘ffect on, 61 
specific purpose's, 52 
various cities, 51 
various j)(*nods of time, 55-58 
various purposes, 51, 53 
demand-duration curve, 59 
d(*nsity and ternpc'rature, 38 
density and viscosity, 38 
dis(*as('s, borne by, 393 
due to, 407 

disinh'ction of (see Disinfection, water) 
distribution works, 352 
districts, financing, 17, 18 
filtration (see Rapid sand filters; Sand, 
filtration; Slow sand filters) 
fire protection needs, 52-54 
flow of, in channels, 30-40 
formulas, 31 

temperature effects on, 37, 38 
free, 19 

ground, quality, 385, 416 
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Water, hammer, 176, 211 

cause and prevention, 181, 182 
locating leaks by, 377-379 
mathematical analysis, 179, 180 
hardness in (see Hardness in water) 
and health, 406 
hot, corrosion by, 561 
illegal use of. 376, 377 
level indicators, 350, 351 
lifting velocities for sand, 101 
mains, air-locked, 375 
cleaning, 373-375 
with acids, 373, 374 
disinfection, 368, 369 
emptying, 375 
finding, 377 
flushing, 375 
freezing, 380, 381 
raising and lowering, 368 
scraping, 373, 374 
thawing frozen, 381, 382 
meteorological, quality, 385, 386 
mineral analysis, 411, 424, 425 
mineral matter in. 390 
modulus of elasticity, 180 
natural, alkalinity, 389 
(luality, 385, 386, 389 
organic life in, 392-*396 
pipes (see Water, mains) 
pollution, 386, 396 
potable, 384 
pow('r, engiiK's, 258 
pressure on dams, 142-146 
pure, 384, 385 

purification, bacterial removal, 429 
development, 4 
English system, 4 

purposes and methods, 405, 406, 514 
results, 429 

sand filtration (s<v Hapid sand 
filters; Sand filtration; Slow sand 
filters) 

quality, 384-410 
deterioration, 401 
effect on dcunand, 60 
governmental control, 404, 405 
health, effect on, 392 
measures of, 403, 404, 411 
of natural, 384-410 
scoring, 412, 415 


Water, quality, standards, 402-404 
storage, effect on, 401, 402 
rates, 19 

of steam pumps, 203, 204, 206 
red, 389 

rights, principles, 8 
salinity, 389 
sampling, 412 
sand filtration, 460--503 
biologic metabolism in, 460 
cost, 462 

purposes, miscellaneous, 544 
ripening, 461 

taste and odor removal, 550 
theory, 460, 461 

(See also Kapid sand filters; Sami 
filtration; Slow' sand filters) 
sen^ening, 405, 544 
softening, 504-522. 5tt 
alkalinity in, 511 
alumimiin compounds in, 511 
base exchange substances, 5J5 
earbonati' hardness, 388 
caustic MKla, 508 
chemical reactions, 507 
chemicals used, 507, 508 
cost, 504, 512 
detergents, 505, 521, 522 
excess lime, 511, 539 
ferrous sulphati', 511 
hydrogen (‘xchangers, 514, 515 
lime-soda procc'ss, 505 -508 
lime-soda and zeolite, 512, 521 
methods, 505 
milk of hme, 508 
municipal, status, 504 
operating expialients, 510, 511 
plant, Ann Arbor, Mich., 506 
proceHH(\s compared, 521 
purpose's, 504 
recarbon at ion, 509, 510 
results desired, 505 
si'dimentation basins, 508, 509 
sludge disjMisal, 510 
sludge recirculation, 511 
sodium rarl)onat<‘, 507, 508 
sodium zeolite, 515, 516 
split treatment, 512 
status, 504 
zeolite (see 25f*olites) 
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Water, sources, natural, 112 
protection, 400, 401 
sterilization (see Disinfection of water) 
storage, effect on quality, 401, 402 
substances in natural water, 385 
supplies, F'ederal agencies, 17, 404, 405 
history, 1-6 

surface, quality, 385, 416 
temperature of natural, 397, 412 
treatment (see Water, purification) 
unaccounted for, 376 
underground (see (Jround water; Un¬ 
derground flow) 
vapor pressure, 122 
V(‘locity of flow through sand, 73-75 
viscosity, 38, 398 
waste, 376 
control, 376 
prevention, 369, 370 
surveys, 37f) 

Water-bearing formations, 65, 66 
Water-ljorne diseases, 393, 406, 407 
Water-level indicators, 350, 351 
Watershed, condition, 185, 400 
contamination, 406 
effect on watcT quality, 185 
forests on, 401 
protection, 400, 401 
Waterworks, appcMirance, 11, 12 
beautification, 11 
business, 11 

classification, ow'nership, 13 
condenser, 202, 207, 208 
cost chargeable to fir<‘ protection, 6 
development, 1-6 
emcrgencii's encountered, 13, 406 
equipment sp<‘cifications, 263 
extensions, financing, 18, 19 
finances, 14-20 
flooding, 406 

Governmental regulation, 17, 404, 405 
importance, 6 

legal rights and liabilities, 8-10 
management, 12, 13 
Manual American Water Works Asso¬ 
ciation, 379 
ownership, 13, 15 
personnel, 10 
public relations, 11, 12 
rating, 7 


Waterworks, reliability, 6, 7 
reports, 12, 563-565 
starting, 13 
system, parts, 10, 11 
Waves, action on dams, 137, 146 
height, formula, 137 
pressures on intakes, 159-161 
Weather map, daily, 113 
Weeds, control of, 539, 542 
Weep holes, reservoir linings, 334 
Weibel, S. R., census of rapid sand filtiT 
plants, 5 

Weirs, broad-crested, 27, 28 
coefficients, 26, 27 
contracted, 25, 26 
discharge over, 25-27 
ogee spillways, 28 
standard, 25, 26 
submerged, 25, 26 
suppressed, 25, 26 
triangular notch, 25, 27 
Weisbach-J )arcy formula, 32-34, 43 
Wells, acidizing, 110, 111 
air-logging, 109 
area of influence, 78 
artesian, 71, 80, 81, 84 
construction, 87 
flow into, 80, 81 
blasting. 108, 109 
bored, 86-88 
classification, 86 
construction, 87 
Brassert strairuTs for, 111 
capacity vs. diameter, 96 
casing, t)8-100 
driving. 87, 92, 99 
joints, 99 
leaky, 107 
materials, t)9 
pulling down, 87 
sinking, 87, 92, 93 
transite, t)9 
withdrawing, 100 
chlorinating, 106, 111 
cone of depression, 72 
construction, alignment, 95 
bailer, 91 
bored, 86 

chilled-shot method, 93 
core-drill method, 89, 93 
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Wells, construction, deviation from verti¬ 
cal. 85, 96 

diamond drill method, 93 

difficulties, 94, 95 

drill bits, 91-94 

drUled, 86, 89, 94, 95 

drilling difficulties, 94, 95 

driven, 86-88 

dug, 86-88 

gravel-wall, 103, 104 

hollow-rod method, 90 

hydraulic-rotary method, 89, 93, 94 

jars, 92 

jetting method, 86, 89, 93 
Kelly, 94 

legal control of, 86 
methods, 84 
mud-laden fluid, 93 
polo-tool method, 90 
rotary drilling, 93, 91 
sand bucket, 87 
shallow, 86, 87 
specifications, 87 
standard method, 89, 90 
tools, 91, 92, 94 
vertical deviation, 95, 96 
contamination, protection from, 104, 
105 

covers, 87, 104 
curbings, 87, 98 
depth, 96, 253 
developing, 108-110 
diameter, 96, 97 
distance between, 81, 85, 86 
from contamination, 400 
drawdown, 72 

drawdown-recovery curve, 78, 79 
drilled, classification, 86, 87 
construction, 89, 90 
driven, construction, 87 
drop-pipes, leaks, 107, 108 
dug, classification, 86 
construction, 8()-88 
equipment, 98 
failure, causes, 107 
finishing, 104 
flow into, 71-83 

free-surface curve, 71, 72, 76, 77 
galleries, 71 

geological location, 84, 85 


Wells, g^physical, logging, 97 
prospi'cting, 84, 85 
gravel-wall, 101, 103, 104 
contamination, 104 
gratuity, 74-76 
grouping 85, 86 

interference b^^tween, 81, 82, 85, S(> 
jetted, classification, 86 
construction, 87 
legal control, 86 
with limited boundary, 72 
location, 84, 85, 400 
log, 97, 400 
maintenance, 107, 108 
m( asuring water depth, 106, 107 
near property lines, 86 
not in middle of field, 78 
overpumping, 107 
partial penetration, 77, 78 
performance requirc'iiKmts, 106 
pita, 105 

jK)llution, 87, 406 
])resMin', definition, 71 
How into, SO 
rate of r'covery, HO, 81 
problems, 71, 82, 83 
protection, 100 
pump<*d by suction, 86 
pumping of sand, 107, 111 
pumps, 212-246 
air-hit, 242, 251-255 
axial-flow, 247, 248 
hearings, 247 
centrifugal, 247-251 
cyhnd<*rs, 212 

diflcrcntial-jihingiT, 243, 244 

doubl(‘-acting cylinder, 243, 244 

installation, 105 

hand-oj)crat(‘d, 242 

jet, 241 246 

pitcher, 242 

power hiMids, 244 

propcIliT, 247 

reciprocating, 242 

revolving v(*rtical shaft, 242, 246 

screw, 247 

singl(*-strokc, 242, 243 
turbine, 217-251 
tw^o-stroke, 243, 244 
types, 242 
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Wells, pumps, worn, 107 
Hanney type, 87, 89 
reaming, 108 

resistivity method of prospecting, 85 
sand pumping, 107, 111 
screens, 100-104 
alloys, 101, 102 
cleaning, 108 
clogging, 107, 108 
collapse, 102, 107, 108 
Cook, 100 
corrosion, 102 
entrance velocity, 101 
incrustation, 102, 103, 110, 111 
Layne, 100 
length, 101 

materials lor, 101, 102 
openings, 100, 101 
placing, 100 
removal, 102 
shutter, 100, 101 
size, 100 
sealing, 105 
seals, 104 

seismic method of prospecting, 85 
shallow, location, 84 
specific capacity, 82 
standard specifications, 88 
surging, 109 » 

tests, 106 

thieving strata, 108 
types, 71 
vents, 105 

water-lev(‘l measurement, 106, 107 
Wellsburg, Va., manganese removal, 547 
Western Ave., Pumping Station, Chicago, 
111, 194 

Wheeler lilt(*r bottom, 482 
Willcomb, C. P]., on ftoc determination, 
455 

Wilson Dam spillway, 25 
Wilson, P. S., hydrant discharge, 45 
Wind, effect on runoff, 120 
fetch, 138 

power engines, 196, 258 
pressures, 142, 146, 161 
Wisconsin, control of well construction, 
86 

Witzig, B. J., on reservoir silting, 189 
Wood, for chemical solution storage, 450 


Wood, crushing strength, 284 
pipe, 281-285 
aqueducts, 168 
backfilling, 283 
bands, 283 
cast-iron shoe, 283 
connections, 283 
continuous stave, 282, 283 
design, 284, 285 
early, 4 
flow in, 282 
joints, 282, 283 
machine banded, 281, 282 
stresses in bands, 284, 285 
types, 281 

roofs for reservoirs, 339 
Woolen manufacture, water need, 53 
Works Progress Administration, financ¬ 
ing, 17, 18 

Worms in water supplies, 396, 401 
Wrought-iron pipe and fittings, 277-279 
Wroiight-iron service pipe, 294 

Z 

Zempola, Mexico, aqueduct, 3 
Z<‘okarb, hydrogen exchanger, 514, 515 
Zc'ohte water soften(*r, 517-519 
Zeolite-softened water, coriosive, 521 
vs. lime-softened water, 521 
Zeolites, anion and cation exchangers, 515 
appearance, 513 
characteristics, 513, 514 
compared with lime-soda, 521 
control, 520, 521 
definition, 513 
description, 516 
glauconite, 513, 514, 518 
greensand, 513, 514 
hydrogen exchangers, 514, 515 
iron removal, 545, 546 
limitations, 516, 517 
loss of capacity, 520 
manganese removal, 545, 546 
metals, removed from water, 548 
natural, 513 
Perrnutit, 513 
rate of softening, 518 
regeneration, 519, 520 
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Zeolites, regeneration, potassium perman¬ 
ganate, 545 
sodium chloride, 510 
removal, of dissolved metals, 548 
of iron, 545, 546 
of manganese, 545, 546 
salt requirements, 519, 520, 548 
size of particles, 517, 518 
sodium, 515, 516 
storage, 517 

synthetic, charact(‘ristics, 513, 514 
washing, 520 


Zepholite, removal of dissolved metals, 
548 

Zinc, corrosion, 316, 561, 562 
effect on quality of water, 408, 414 
galvanizing, 324 
material in waterworks, 263 
paint, undesirable, 408 
paints, 323, 408 

prevention of corrosion, 323, 324 
removal from water, 502, 548 
in water, 390 

Zinc chloride, coalings, 322-324 




